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 1  About AQUACROSS  
About AQUACROSS  
Knowledge, Assessment, and Management for AQUAtic Biodiversity and Ecosystem 
Services aCROSS EU policies (AQUACROSS) aims to support EU efforts to protect 
aquatic biodiversity and ensure the provision of aquatic ecosystem services. Funded 
by Europe's Horizon 2020 research programme, AQUACROSS seeks to advance 
knowledge and application of ecosystem-based management for aquatic ecosystems 
to support the timely achievement of the EU 2020 Biodiversity Strategy targets. 
Aquatic ecosystems are rich in biodiversity and home to a diverse array of species 
and habitats, providing numerous economic and societal benefits to Europe. Many of 
these valuable ecosystems are at risk of being irreversibly damaged by human 
activities and pressures, including pollution, contamination, invasive species, 
overfishing and climate change. These pressures threaten the sustainability of these 
ecosystems, their provision of ecosystem services and ultimately human well-being. 
AQUACROSS responds to pressing societal and economic needs, tackling policy 
challenges from an integrated perspective and adding value to the use of available 
knowledge. Through advancing science and knowledge; connecting science, policy 
and business; and supporting the achievement of EU and international biodiversity 
targets, AQUACROSS aims to improve ecosystem-based management of aquatic 
ecosystems across Europe.  
The project consortium is made up of sixteen partners from across Europe and led 
by Ecologic Institute in Berlin, Germany.  
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1 Background  
As part of Pillar 2, “Increasing Scientific Knowledge”, of AQUACROSS (Figure 1), Work Package 
5 (WP5) builds on the overarching Assessment Framework developed in WP3 to investigate in 
more detail the causalities between biodiversity, ecosystem functions and services 
dimensions (Task 5.1), and applies the framework in case studies to test and refine its 
applicability (Task 5.2). The impact of drivers and pressures (identified in WP4) will be 
incorporated in existing models and contribute to a correct definition of ecosystem status. 
The outputs of WP5 will contribute directly to WP6 (data analyses) and WP7 (forecasting of 
biodiversity and ecosystem services provisioning), and ultimately to WP8 (provide support to 
facilitate and promote science/policy communication). The results of the application of the 
AQUACROSS Assessment Framework to the case studies will be synthesised to feed back into 
the update of the framework and help formulate policy recommendations (Task 5.3). 
Figure 1: AQUACROSS “four pillars” and work package structure 
 
The objectives of WP5 include: 
 Scope and design relevant and feasible indicators, methods and tools to assess changes in 
aquatic ecosystem status and service provision for the application of ecosystem-based 
management (EBM) (link to WP4, WP6, WP7 and WP8). 
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 Apply and test the AQUACROSS conceptual framework in regard to the investigation of the 
causalities between biodiversity and ecosystem functions and services across aquatic 
domains (link to WP3). 
 Explore any existing causal links between biodiversity, ecosystem functions and services at 
different temporal and spatial scales for the case study areas, taking into account the 
drivers and pressures identified in WP4 (further link to WP7). 
 Draw lessons to update the AQUACROSS conceptual framework and improved application 
of EBM of aquatic ecosystems (link to WP3 and WP8). 
The work described in this report forms part of the AQUACROSS Assessment Framework (AF; 
Gómez et al., 2016a,b) and focuses on the causal links between biodiversity (BD) (directly 
measured or as captured by the state of ecosystems) and the ecological processes ensuring 
crucial ecosystem functions (EF) that enable the supply of ecosystem services (ESS). These are 
central themes to this stage of the AF that fit within the supply-side perspective (Figure 2) of 
the AQUACROSS Innovative Concept (Gómez et al., 2016a), and this document follows the 
conceptual definitions agreed by Gómez et al. (2016b). 
The present report scrutinises the findings that have been achieved so far through a literature 
review on the current state of knowledge on links between biodiversity and ecosystem 
functions (BEF; Section 2) and ecosystem services (BES; Section 3). A brief reference is made 
to existing meta-analysis performed within the context of BEF and BES relationships (Section 
4). 
The concepts of biodiversity, ecosystem processes, ecosystem functions and ecosystem 
services have not always been addressed in the same way, namely in different pieces of 
legislation with implications for AQUACROSS objectives and work. As such, although we try to 
critically integrate the definitions of these concepts, in the context of AQUACROSS some 
definitions were agreed (Box 1). The background reasons behind these definitions will be 
presented in the next chapters. 
The use of indicators for biodiversity, EF and ESS in the context of the AF is also discussed 
(Section 5), and sources of potentially useful indicators are listed, in order to provide 
examples for case studies (see Annex). The report concludes with an overview of methods to 
analyse causal links between biodiversity, ecosystem functions and services (Section 5.2.1), 
considering the AQUACROSS working framework supply-side, from state to benefits1 (Figure 
2).  
 
                                           
1 The assessment of Benefits and Values is not in the scope of the present report, which ends at the 
boundary of how the capacity to supply ecosystem services is affected by the state of the ecosystem. 
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Box 1: Definition of Biodiversity, Ecosystem Process, Ecosystem Function and 
Ecosystem Services within AQUACROSS 
Biodiversity = Biological Diversity means the variability among living organisms from all sources including, inter 
alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part; this 
includes diversity within species, between species and of ecosystems (Convention on Biological Diversity, article 2). 
Biological diversity is often understood at four levels: genetic diversity, species diversity, functional diversity, and 
ecosystem diversity. 
Ecosystem Process is a physical, chemical or biological action or event that link organisms and their environment. 
Ecosystem processes include, among others, bioturbation, photosynthesis, nitrification, nitrogen fixation, 
respiration, productivity, vegetation succession. 
Ecosystem Function is a precise effect of a given constraint on the ecosystem flow of matter and energy performed 
by a given item of biodiversity, within a closure of constraints. Ecosystem functions include decomposition, 
production, nutrient cycling, and fluxes of nutrients and energy. 
Ecosystem Services are the final outputs from ecosystems that are directly consumed, used (actively or passively) or 
enjoyed by people. In the context of the Common International Classificaton of Ecosystem Services (CICES), they are 
biologically mediated (human-environmental interactions are not always considered ecosystem services). 
Example to integrate and differentiate concepts: 
Organic matter mineralisation is an ecosystem process that leads to carbon sequestration (ecosystem function) 
contributing to carbon storage (ecosystem service) in the form of Green Carbon or Blue Carbon. 
Figure 2: The supply-side perspective of the AQUACROSS Architecture addressed in 
this report 
 
Source: Gómez et al. (2016b) 
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2 Biodiversity-Ecosystem 
Functioning Relationships 
The present chapter builds on a literature review on biodiversity and ecosystem functioning 
relationships.2 
2.1 Introduction 
Concern has grown over the past decades about the rate biodiversity is declining and its 
consequences for the functioning of ecosystems and the subsequent services they provide. 
This concern has triggered several international initiatives to ensure healthy ecosystems and, 
hence, the provision of essential services to people. Extensive scientific research was also 
initiated to better understand the link between biodiversity and ecosystem functioning (BEF) 
on one side and between biodiversity and ecosystem services (BES) on the other. 
A vast number of existing experimental and observational BEF studies, and meta-analyses of 
data were generated by these studies, which tested the hypothesis that ecosystems with 
species-poor communities are functionally poorer, less resistant (capacity to resist change) 
and resilient (capacity to recover from change) to disturbance than systems with species-rich 
communities (Covich et al. 2004; Stachowicz, Bruno, and Duffy 2007; Strong et al., 2015). 
Reviewing the available BEF literature, Cardinale et al. (2012) concluded that “There is now 
unequivocal evidence that biodiversity loss reduces the efficiency by which ecological 
communities capture biologically essential resources, produce biomass, decompose and 
recycle biologically essential nutrients.”  
One of the initial goals of AQUACROSS WP5 is to review the current state of knowledge on 
links between biodiversity, ecosystem functions and ecosystem services in aquatic realms 
(i.e., freshwater, coastal and marine). As a first step towards this, the present chapter aims at 
identifying the potential and the drawbacks of existing knowledge and BEF evaluations and 
their potential usefulness for the objectives of AQUACROSS. This chapter is organised as 
follows: the next part presents (i) underlying BEF mechanisms (Section 2.2); (ii) the shape of 
aquatic BEF relationships reported in the literature (Section 2.3); (iii) whether BEF relations are 
ecosystem-specific or whether they are interchangeable (Section 2.4); and (iv) current 
research limitations and needs in aquatic BEF studies (Section 2.5).  
                                           
2 Daam, M. A., Ana I. Lillebø, A. I.; Nogueira, A. J. A. Challenges in establishing causal links between 
aquatic biodiversity and ecosystem functioning (in prep.). 
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2.2 Underlying BEF mechanisms 
Several mechanisms have been denoted to explain the influence of compositional diversity on 
ecosystem functioning, including: complementary niche partitioning, density-dependent 
effects, facilitation mechanisms, and identiy effects. These mechanisms are defined below 
using examples from aquatic realms: 
 Complementary niche partitioning: occurs when several species coexist at a given site and 
complement each other spatially and temporally in their patterns of resource use (Truchy 
et al., 2015). Karlson et al. (2010), for example, showed that more diverse deposit-feeding 
marine macrofauna communities incorporated more nitrogen than a single-species 
treatment of the best-performing species, showing transgressive over-yielding through 
positive complementarity (practical aspects linked with transgressive overyielding concept 
are detailed in Schmid et al. (2008)). According to the authors, more diverse sediment 
communities showed more efficient trophic transfer of phytodetritus through niche 
partitioning among species from different functional groups, and a higher incorporation 
by surface feeders in multispecies treatments.  
 Density-dependent effects: occur when species assemblage at a given site establish 
species-specific interactions (e.g., seagrass density has positive effects on crustaceans 
and fishes, but net effects could be negative through increased predation on small 
crustaceans by facilitating predatory fishes; Duffy 2006). In some cases, the expected 
prevailing processes, namely niche partitioning or competition, will be determined by the 
density of a specific species assemblage, and that will determine the magnitude of the 
ecosystem response (Sanz-Lázaro et al., 2015). 
 Facilitation: occurs when activities of some species enhance or facilitate activities of others 
and, in turn, ecosystem process rates. For instance, within the suite of processes 
underpinning water purification in freshwaters, facilitation is seen when diverse 
assemblages of filter-feeding caddisflies capture more suspended material than they 
could in monoculture (Truchy et al., 2015). In this way, species diversity reduces 'current 
shading' (that is, the deceleration of flow from upstream to downstream neighbours), 
allowing diverse assemblages to capture a greater fraction of suspended resources than is 
caught by any species monoculture (Cardinale and Palmer, 2002). Facilitative changes in 
physical conditions induced by a facilitator produce a broadening of dependent species 
niches. For instance, on intertidal rocky shores, buffering from canopy-forming 
microalgae and mussels makes upper shore levels suitable for many species not able to 
tolerate environmental conditions in open areas (Bulleri et al., 2016). There might also be 
evolutionary aspects related to niche partitioning and facilitation that conditionates the 
ecosystem response (Reiss et al., 2009). 
 Identity effects: occur in situations where particular species have a disproportionate 
functional role, and may subsequently also generate positive BEF relationships. When only 
a few species have a large effect on ecosystem functioning, increasing species richness 
increase the likelihood that those key species would be present (Hooper et al., 2005). This 
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form of non-transgressive over-yielding can also be called sampling or selection effects 
(Strong et al., 2015). For example, reduced nutrient recycling processes with declining fish 
diversity have been attributed to identity effects with relatively few species dominating 
nutrient recycling (McIntyre et al., 2007; Allgeier et al., 2014). 
BEF research has explored multiple hypotheses for how organisms promote EFs: (i) the 
diversity hypothesis: mechanisms including niche complementarity and insurance 
(compensatory dynamics through space and time) and (ii) the mass ratio hypothesis 
(functional traits of dominant species chiefly promote EFs–identity effects) (Duncan, 
Thompson, and Pettorelli, 2015; Vaughn, 2010). Experimental BEF research focusing on 
species richness has provided broad support for the diversity hypothesis, whereas trait-based 
research has shown that many EFs are driven predominantly by mass ratio (Duncan, 
Thompson, and Pettorelli, 2015). Ultimately, both hypotheses are due to trait expression, and 
a combination of both species richness and identity may evidently play an important role (Fu 
et al., 2014; Vaughn, 2010). This also dictates that the sole evaluation of taxonomic changes 
is not sufficient to study BEF relationships, since i) species composition can change without 
concomitant functional changes, and ii) functioning can change even when species are 
unaffected, for example, through changed interactions or behaviours by the resident species 
(Truchy et al., 2015).  
Examining species traits is also imperative since recent assessments have shown that global 
biodiversity loss preferentially affects species with longer life spans, bigger bodies, poorer 
dispersal capacities, more specialised resource uses, lower reproductive rates, among other 
traits that make them more susceptible to human pressures (Pinto, de Jonge, and Marques, 
2014). Oliver et al. (2015) discussed that response traits (attributes that influence the 
persistence of individuals of a species in the face of environmental changes) and effect traits 
(attributes of the individuals of a species that underlie its impacts on ecosystem functions 
and services) of species also have a great influence on the resilience of ecosystem functions: 
“If the extent of species’ population decline following an environmental perturbation 
(mediated by response traits) is positively correlated with the magnitude of species’ negative 
effects on an ecosystem function (via effect traits), this will lead to less resistant ecosystem 
functions” (Oliver et al., 2015). 
2.3 Shape of BEF relationships 
After indications were derived from early BEF research that species richness was positively 
associated with ecosystem processes, several hypothetical associations between biodiversity 
and ecosystem function were proposed in the 1980s and 1990s (Naeem, 2008). Since the 
turn of the century, this was followed by various meta-analyses of data from experimental 
studies to unravel the shape and function of the BEF relationship (Balvanera et al., 2006; 
Worm et al., 2006; Schmid, Pfisterer, and Balvanera, 2009; Cardinale et al., 2011; Reich et al., 
2012; Mora, Danovaro, and Loreau, 2014; Stachowicz, Bruno, and Duffy, 2007). Cardinale et 
al. (2011), for example, examined how species richness of primary producers influences the 
suite of ecological processes that are controlled by plants and algae in terrestrial, marine and 
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freshwater ecosystems. By fitting experimental data to several mathematical functions (linear, 
exponential, log, power and Michaelis-Menten), they noted that the best fit was obtained by a 
Michaelis-Menten function3 but that the difference was not considerable when compared to 
the power model.  
Mora, Danovaro, and Loreau (2014) noted that BEF relationships in large-scale observational 
marine ecosystems generally yield non-saturating (convex) patterns with slopes on log-log 
scale ranging from 1.1 to 8.4, whereas ecosystem functioning rapidly saturates with 
increasing biodiversity in (concave) BEF functions from experimental marine studies that 
showed slopes on log-log scale ranging from 0.15 to 0.32. The authors attributed this to the 
fact that experimental studies fail to reveal the positive role of ecological interactions on 
species’ production efficiency, as competition, instead of specialisation, is more likely to 
prevail in experimental settings. When species are put together in a contained artificial 
experimental setup, they are forced to compete or interact, which may lead to greater energy 
loss than under field conditions where specialisation may have already occurred (Mora, 
Danovaro, and Loreau, 2014).  
The above indicates a serious limitation. As the Michaelis-Menten function is not adequate to 
describe concave relationships, such as those emerging from observational marine studies, it 
cannot be used for comparing different types of relationships (Mora, Danovaro, and Loreau, 
2014). The authors provided three alternative hypotheses to explain this contrast between 
experimental and observational studies: i) the use of functional richness instead of species 
richness, ii) an increased production efficiency of species in producing biomass when more 
ecological interactions are present, and iii) the fact that communities are likely assembled in 
an ordered succession of species from low to high ecological efficiency. 
Several other authors have also argued that different experimental designs will result in 
different BEF relationship results (Stachowicz et al., 2008; Byrnes and Stachowicz, 2009; 
O’Connor and Bruno, 2009; Campbell, Murphy, and Romanuk, 2011). Stachowicz et al. 
(2008), for example, argued that short-term experiments detect only a subset of possible 
mechanisms that operate in the field over the longer term, because they lack sufficient 
environmental heterogeneity to allow expression of niche differences, and they are of 
insufficient length to capture population-level responses, such as recruitment. Spatial 
heterogeneity of the physical environment has indeed been reported to play a key role in 
mediating effects of species diversity (Griffin et al., 2009). It should be noted, however, that 
resource heterogeneity must be accompanied by a broad enough trait diversity in order for 
resource partitioning to occur (Weis, Madrigal, and Cardinale, 2008; Ericson, Ljunghager, and 
Gamfeldt, 2009).  
                                           
3 A Michaelis-Menten function is a first order saturation curve (parabol) that can be used to describe the 
kinetics of a large number of biological processes. 
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In contrast to the above, Godbold (2012) and Gamfeldt et al. (2014) only encountered small, 
mostly non-significant, differences in marine BEF relationships between experiments 
performed in the laboratory, in mesocosms4 and in the field. Causal effects of phytoplankton 
on functional properties in large-scale observational freshwater and brackish water studies 
have also been reported to be consistent with experimental and model studies (Ptacnik et al., 
2008; Zimmerman and Cardinale, 2013). Furthermore, recently, a large-temporal experiment 
on BEF (Meyer et al., 2016) found evidence of a strong effect of biodiversity on ecosystem 
functioning due to “both a progressive decrease in functioning in species-poor and a 
progressive increase in functioning in species-rich communities,” with negative feedbacks, at 
low biodiversity, and complementarity among species, at high biodiversity, similarly 
contributing for biodiversity effects. They concluded, moreover, that species loss is likely to 
impair ecosystem functioning “potentially decades beyond the moment of species extinction.” 
Regardless of the experimental design applied, BEF relationships appear to be best 
approximated by a power function: Y ~ S, where Y is the ecosystem functioning of a 
community with S species, and  and  are constants (Isbell et al., 2015; Mora, Danovaro, and 
Loreau, 2014; Gamfeldt, Lefcheck, and Byrnes, 2014). The shape of the BEF curve changes 
depending on the value for the  constant where curves are increasingly saturating as  
approaches 0 (Isbell et al., 2015). Reported values for the constants and, hence, shape and 
strength of the BEF relationships are highly variable. They appear i) to, at least partly, depend 
on the environmental context and on which species are lost, e.g. the loss of initially abundant 
species can reduce ecosystem functioning more than the loss of initially rare species; ii) to be 
stronger in longer experiments than those in short-term experiments and stronger in 
observational studies than experimental studies as discussed above; iii) to have -values > 
0.5 for some types of non-random biodiversity loss, and when considering the greater 
proportion of biodiversity that is required to maintain multiple ecosystem functions at 
multiple times and places such as large-scale observational studies; and iv) to show reduced 
slopes with increased disturbance level (Cardinale, Nelson, and Palmer, 2000; Biswas and 
Mallik, 2011; Mora, Danovaro, and Loreau, 2014; Isbell et al., 2015). 
                                           
4 “Aquatic mesocosms, or experimental water enclosures, are designed to provide a limited body of 
water with close to natural conditions, in which environmental factors can be realistically manipulated. 
Mesocosm studies maintain a natural community under close to natural conditions, taking into account 
relevant aspects from ‘the real world’ such as indirect effects, biological compensation and recovery, 
and ecosystem resilience” (https://www.mesocosm.eu/what-is-a-mesoscosm). 
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2.4 Do BEF relationships extrapolate over 
ecosystem types? 
Several authors have reported a striking level of generality in diversity effects on ecosystem 
functioning across terrestrial, freshwater and marine ecosystems, and among organisms as 
divergent as plants and predators (Bruno et al., 2005; Moore and Fairweather, 2006; Handa et 
al., 2014; Hodapp et al., 2015; Lefcheck et al., 2015; Stachowicz et al., 2008; Cardinale et al., 
2011; Gamfeldt, Lefcheck, and Byrnes, 2014). Stachowicz et al. (2008), for example, 
suggested that experimental design and approach, rather than inherent differences between 
marine and terrestrial ecosystems, underlie contrasting responses among systems.  
Gamfeldt, Lefcheck, and Byrnes (2014) stated that, although BEF relationships appear to be 
non-ecosystem specific, it should be noted that marine and terrestrial realms differ in terms 
of their phylogenetic diversity at higher levels. For example, 15 phyla are endemic to marine 
environments, and the primary producers in the ocean belong to several kingdoms. On land, 
however, primary producers are mainly from the Plantae kingdom (Gamfeldt, Lefcheck, and 
Byrnes, 2014). Compared to terrestrial systems, aquatic ecosystems are also characterised by 
greater propagule5 and material exchange, often steeper physical and chemical gradients, 
more rapid biological processes and, in marine systems, higher phylogenetic diversity6 of 
animals (Giller et al., 2004).  
These differences limit the potential to extrapolate conclusions derived from terrestrial 
experiments to aquatic ecosystems. According to Duncan, Thompson, and Pettorelli (2015), a 
focus on within-ecosystem type studies is hence crucial, as the nature of BEF linkages can be 
highly context-dependent, such as abiotic and climatic controls, disturbance and 
management. Hence, this also hampers the extrapolation of BEF relationships between 
different aquatic ecosystem types (freshwater, coastal and marine). 
The mechanism behind BEF relationships also appears to be different between ecosystem 
types. For example, whereas complementarity is prevalent in terrestrial studies (Cardinale et 
al., 2007), positive BEF relationships examined in the marine environment are mostly driven 
by identity effects (Stachowicz, Bruno, and Duffy, 2007; Cardinale et al., 2012; Gamfeldt, 
Lefcheck, and Byrnes, 2014; Strong et al., 2015). In addition, aquatic and terrestrial systems 
are known to differ in the relative strength of top-down versus bottom-up effects (Srivastava 
                                           
5 In biology, a propagule is any material that is used for the purpose of propagating an organism to the 
next stage in their life cycle. In broader terms a propagule can be considered as the dispersive form of a 
organism (it can be a seed, a spore or even a larval form of an animal specie). 
6 Phylogenetic diversity measures the relative feature diversity of different subsets of taxa from a given 
phylogeny (i.e., the history of lineages of organisms as they change through time). 
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et al., 2009). Subsequently, BEF relationships may not directly extrapolate across ecosystem 
types, although BEF relations established in a certain ecosystem type may provide indications 
for further studies and/or additional evidence for their existence in other ecosystem types. 
2.5 Research limitations and needs 
2.5.1 Multiple EF relationships 
The influence of compositional diversity on ecosystem function is a consequence of a range 
of mechanisms (see above), which become increasingly important as more ecosystem 
functions are considered (Isbell et al., 2011; Mouillot et al., 2011). For example, contrary to 
studies focusing on single ecosystem functions and considering species richness as the sole 
measure of biodiversity, Mouillot et al. (2011) found a linear and non-saturating effect of the 
functional structure, i.e. the composition and diversity of functional traits, of communities on 
ecosystem multifunctionality.  
Greater levels of biodiversity may, thus, be required to support multiple EFs simultaneously, 
as the functional traits and importance of complementarity may vary for different EFs 
(Duncan, Thompson, and Pettorelli, 2015). This indicates that prior research has 
underestimated the importance of biodiversity for ecosystem functioning by focusing on 
individual functions and taxonomic groups (Andy Hector and Bagchi, 2007; Lefcheck et al., 
2015). The need for considering multiple functions in BEF research has, therefore, often been 
discussed (Duncan, Thompson, and Pettorelli, 2015; Gamfeldt, Lefcheck, and Byrnes, 2014; 
Strong et al., 2015).  
Accounting for interactions between ecosystem functions may complicate determining the 
response of individual ecosystem functions to biodiversity, since an increase in the functional 
output within one ecosystem function may change the availability of resources or substrate 
for use in other ecosystem functions - the so-called “spill-over” effect (Strong et al., 2015). 
Subsequently, the field of biodiversity and ecosystem multifunctionality is still relatively data 
poor due to the (i) complex issues generated by the analysis of multifunctionality, (ii) the 
effort to conduct experiments with many levels of species richness, and the (iii) difficulty of 
measuring more than a handful of functions (Byrnes et al., 2014).  
This complexity may be illustrated with the fact that underlying diversity measures may vary 
among the different BEF relationships co-existing in natural ecosystems. Thompson et al. 
(2015), for example, showed that in natural pond communities, zooplankton community 
biomass was best predicted by zooplankton trait-based functional richness, while 
phytoplankton abundance was best predicted by zooplankton phylogenetic diversity. 
Similarly, Hodapp et al. (2015) showed that different aspects of biodiversity (richness, 
evenness) were significantly linked to different ecosystem functions (productivity, resource 
use efficiency). 
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Duncan, Thompson, and Pettorelli (2015) suggested grouping of EFs according to (i) the main 
contributing group (trophic level or functional group), (ii) functional traits, and (iii) underlying 
BEF mechanisms. By providing the underlying structure of species interactions, ecological 
networks may also aid in quantifying connections between biodiversity and multiple 
ecosystem functions (see Hines et al., 2015 for more detail). 
2.5.2 Rare species and ecosystem connectivity 
Although common species are typically drivers of ecosystem processes (Moore, 2006; 
Vaughn, 2010), the high functional distinctiveness of rare species indicate that they also 
support vulnerable functions, especially in species-rich ecosystems where high functional 
redundancy among species is likely (Jain et al., 2013; Mouillot, Bellwood, et al., 2013). For 
example, Bracken and Low (2012) showed that realistic losses of rare species in a diverse 
assemblage of seaweeds and sessile invertebrates, collectively comprising <10% of sessile 
biomass, resulted in a 42–47% decline in consumer biomass, whereas removal of an 
equivalent biomass of dominant sessile species had no effect on consumers. This also 
emphasises the importance of including system connectivity in experimental designs to allow 
an extrapolation of biodiversity ecosystem-functioning relationships to natural systems 
(Matthiessen et al., 2007).  
Communities that are connected to a metacommunity via immigration are more diverse and 
stable than isolated communities; hence corridors in connected metacommunities can 
mitigate, and even reverse, local extinctions and disruption of ecosystem processes (Loreau, 
Mouquet, and Holt, 2003; Staddon et al., 2010; Downing, Brown, and Leibold, 2014). France 
and Duffy (2006), however, demonstrated that at the metacommunity level, grazer dispersal 
eliminated the stabilising effect of diversity on ecosystem properties, and at the patch level, 
grazer dispersal consistently increased temporal variability of the ecosystem properties 
measured.  
Both results contradict the spatial insurance hypothesis, which is based on equilibrium 
metacommunities of sessile organisms with passive dispersal (Loreau, Mouquet, and Holt, 
2003). In this way, habitat fragmentation, together with declining biodiversity, influence the 
predictability of ecosystem functioning synergistically (France and Duffy, 2006). The 
insurance hypothesis relies on the positive effect that biodiversity has on EF because of the 
variability of responses to changes in the environment (i.e. compensation); therefore, habitat 
fragmentation acts synergistically with biodiversity loss (decreasing this maintained level of 
processes). This is especially important for aquatic ecosystems, since barriers to dispersal are 
typically weak and flow of energy and materials is relatively rapid within and between habitats 
of these ecosystems (Hawkins, 2004; Giller et al., 2004). 
2.5.3 Trophic levels 
Large BEF evidence gaps align with several of the more functionally important trophic 
components (Strong et al., 2015). Microbial communities, for example, play key roles in 
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maintaining multiple ecosystem functions and services simultaneously, including nutrient 
cycling, primary production, litter decomposition and climate regulation (Glöckner et al., 
2012; Delgado-Baquerizo et al., 2016; Zeglin, 2015). Although positive effects of bacterial 
diversity on ecosystem functioning have previously been demonstrated, BEF studies into 
microbial communities are relatively scarce (Dell’Anno et al., 2012; Venail and Vives, 2013). 
This is, at least, partly due to the fact that defining and measuring biodiversity in consistent 
and meaningful units for the microscopic biological components, such as the microbial 
assemblages, and at the genetic scale, pose significant challenges (Strong et al., 2015).  
Regarding genetic scale, a literature review by Hughes et al. (2008) revealed significant 
effects of genetic diversity on ecological processes, such as primary productivity, population 
recovery from disturbance, interspecific competition, community structure, and fluxes of 
energy and nutrients. Hughes and Stachowicz (2004), for example, showed that increasing 
genotypic diversity in a habitat-forming species (the seagrass Zostera marina) enhanced 
community resistance to disturbance by grazing geese. Thus, genetic diversity can have 
important ecological consequences at the population, community and ecosystem levels, and 
in some cases, the effects are comparable in magnitude to the effects of species diversity 
(Duffy, 2006; Latta et al., 2010; Massa et al., 2013; Roger, Godhe, and Gamfeldt, 2012; 
Hughes and Stachowicz, 2004; Hughes et al., 2008). In line with this, intraspecific variability 
has been discussed to be a key driver for biodiversity sustenance in ecosystems challenged 
by environmental change (De Laender et al., 2013). Given that many traits show a 
phylogenetic signal (i.e. close relatives have more similar trait values than distant relatives), 
the phylogenetic diversity of communities is also related with the functional trait space of a 
community, and thus with ecosystem functioning (Gravel et al., 2012; Srivastava et al., 2012; 
Best, Caulk, and Stachowicz, 2012; Griffin, Byrnes, and Cardinale, 2013). In addition, 
phylogeny determines interactions among species, and so could help predict how extinctions 
cascade through ecological networks and impact ecosystem functions (Srivastava et al., 
2012). 
Most research on biodiversity decline and ecosystem function has concentrated on primary 
producers (Messmer et al., 2014; Duncan, Thompson, and Pettorelli, 2015; Lefcheck et al., 
2015). Biodiversity losses also include declines in the abundance of other taxonomic groups, 
and most extinctions in natural marine ecosystems have even been reported to occur at high 
trophic levels, i.e. top predators and other carnivores (Byrnes, Reynolds, and Stachowicz, 
2007). Trophic composition of the predator assemblage (strict predators; intraguild 
predators: predators that consume other predators with which they compete for shared prey 
resources; or a mixture of the two) can play an important role in determining the nature of 
the relationship between predator diversity and ecosystem function (Finke and Denno, 2005). 
Griffin, Byrnes, and Cardinale (2013), for example, reported that richness effects on prey 
suppression in predator experiments were stronger than those for primary producers and 
detritivores, suggesting that relationships between richness and function may increase with 
trophic height in food webs. Predator diversity studies are also particularly relevant to 
conservation because they focus on the trophic group that is most prone to extinction, and 
because they nearly always measure diversity effects that span several trophic levels (Finke 
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and Snyder, 2010). However, the magnitude and direction of these effects are highly variable 
and are difficult to predict since species at higher trophic levels exhibit many complex, 
indirect, non-additive, and behavioural interactions (Bruno and O’Connor, 2005; Bruno and 
Cardinale, 2008). For example, consumer diversity effects on prey and consumers strongly 
depend on species-specific growth and grazing rates, which may be at least equally 
important as consumer specialisation in driving consumer diversity effects across trophic 
levels (Filip et al., 2014). According to Duffy et al. (2007), the strength and sign of changes in 
predator diversity on plant biomass depends on the degree of omnivory and prey behaviour. 
Gamfeldt, Lefcheck, and Byrnes (2014) indicated that mixtures of species generally tend to 
enhance levels of ecosystem function relative to the average component species in 
monoculture, although they may have no effect or a negative effect on functioning relative to 
the ‘highest-performing’ species. In addition to the number of species in a mixture, the 
structure of their interactions, therefore, needs to be accounted for to predict ecosystem 
productivity (Poisot, Mouquet, and Gravel, 2013). Subsequently, studies of single trophic 
levels are insufficient to understand the functional consequences of biodiversity decline 
(Thebault and Loreau, 2011; Reynolds and Bruno, 2012; Hensel and Silliman, 2013; Jabiol et 
al., 2013; Vaughn, 2010; Gamfeldt, Lefcheck, and Byrnes, 2014; Lefcheck et al., 2015). 
Community and food-web structure also influence species interactions and how species’ 
traits are expressed, and both vertical (across trophic levels) and horizontal (within trophic 
levels) diversity are, hence, important (Duffy et al., 2007; Vaughn, 2010; Jabiol et al., 2013). 
For example, Ramus and Long (2015) demonstrated that higher marine producer 
(macroalgae) diversity directly increased consumer (benthos) diversity. This increased 
consumer diversity in turn enhanced consumer stability via increased asynchrony among 
consumers (i.e. species fluctuations are not in synchrony).  
Stachowicz, Bruno, and Duffy (2007) concluded that multitrophic-level studies indicate that, 
relative to depauperate assemblages of prey species, diverse ones (a) are more resistant to 
top-down control, (b) use their own resources more completely, and (c) increase consumer 
fitness. In contrast, predator diversity can either increase or decrease the strength of top-
down control because of omnivory and because interactions among predators can have 
positive and negative effects on herbivores (Stachowicz, Bruno, and Duffy, 2007). However, 
biodiversity modifications within one trophic level induced by non-random species loss (e.g. 
resulting from insecticide exposure) do not necessarily translate into changes in ecosystem 
functioning supported by other trophic levels or by the whole community in the case of 
limited overlap between sensitivity and functionality (Radchuk et al., 2015). Similarly, 
increased prey abundance may not pass up the food chain to higher trophic levels, if such 
prey is largely resistant to (or tolerant of) predators at these higher trophic levels (Edwards et 
al., 2010; Graham et al., 2015). Multitrophic interactions depend on the degree of consumer 
dietary generalism, trade-offs between competitive ability and resistance to predation, 
intraguild predation, and openness to migration (J. Duffy et al., 2007).  
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2.5.4 Random versus realistic species losses 
While most studies of the relationship between biodiversity and ecosystem functioning have 
examined randomised diversity losses, several recent experiments have employed nested, 
realistic designs and found that realistic species losses may have larger consequences than 
random losses for ecosystem functioning (Larsen, Williams, and Kremen, 2005; Walker and 
Thompson, 2010; Naeem, Duffy, and Zavaleta, 2012; Bracken and Williams, 2013; Wolf and 
Zavaleta, 2015). According to Gross and Cardinale (2005), the difference in functional 
consequences of random and ordered extinctions depends on the underlying BEF mechanism: 
“The model suggests that when resource parti t ioning or faci l i tation 
structures communities,  the functional consequences of non -random 
extinction depend on the covariance between species traits and cumulative 
extinction r isks,  and the compensatory responses among survivors.  Strong 
competit ion increases the difference between random and ordered 
extinctions, but mutual isms reduce the difference. When diversity affects 
function via a sampling effect,  the difference between random and ordered 
extinction depends on the covariance between species traits and the 
change in the probabi l i ty of being the competit ive dominant caused by 
ordered extinction. These f indings show how random assembly 
experiments can be combined with information about species trai ts  to 
make qual i tative predictions about the functional consequences of various 
extinction scenarios”.  
Experiments with controlled (non-random) removal of species would, hence, be a good way 
forward to increasing our understanding of realistic species losses, although such 
experiments are fraught with practical obstacles and difficulties over interpretation of results 
(Raffaelli, 2004). In such experiments, the realistic order in  which species are to be lost is 
determined by their susceptibilities to different types of disturbances (Solan et al., 2004; 
Raffaelli, 2006). Disturbance, in turn, can moderate relationships between biodiversity and 
ecosystem functioning by (1) increasing the chance that diversity generates unique system 
properties (i.e., "emergent" properties) or (2) suppressing the probability of ecological 
processes being controlled by a single taxon (i.e., the "selection-probability" effect) 
(Cardinale and Palmer, 2002). This becomes even more complex when multiple disturbances 
or pressures are considered. For example, Byrnes, Reynolds, and Stachowicz (2007) discussed 
that most extinctions (~70%) occur at high trophic levels (top predators and other carnivores), 
while most invasions are by species from lower trophic levels (70% macroplanktivores, 
deposit feeders, and detritivores). These opposing changes, thus, alter the shape of marine 
food webs from a trophic pyramid capped by a diverse array of predators and consumers to a 
shorter, squatter configuration dominated by filter feeders and scavengers (Byrnes, Reynolds, 
and Stachowicz, 2007). Changes in the food web with successive extinctions make it difficult 
to predict which species will show compensation in the future (Ives and Cardinale, 2004). 
This unpredictability argues for “whole-ecosystem” approaches to biodiversity conservation 
(implicitly incorporating the insurance hypothesis), as seemingly insignificant species may 
become important after other species go extinct (Ives and Cardinale, 2004). 
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2.5.5 Environmental conditions 
The effects of biodiversity losses on ecosystem functions depend on the abiotic and biotic 
environmental conditions (Boyer, Kertesz, and Bruno, 2009; Capps, Atkinson, and Rugenski, 
2015; Vaughn, 2010). Changes in water chemistry parameters (such as pH, temperature, 
alkalinity and water hardness), for example, may affect species life-history parameters and 
hence also directly or indirectly influence BEF relationships (Jesus, Martins, and Nogueira, 
2014; Schweiger and Beierkuhnlein, 2014). In line with this, Boyer, Kertesz, and Bruno (2009) 
noted that species richness increased algal biomass production only at two of the four field 
sites that differed naturally in environmental conditions. de Moura Queirós et al. (2011) 
found that the effect of ecosystem engineers, through bioturbation, in EF was dependent on 
the presence of structuring vegetation, sediment granulometry and compaction. Belley and 
Snelgrove (2016) found evidence that environmental variables and functional diversity indices 
collectively explain the majority of the variation of benthic fluxes of oxygen and nutrients in 
soft sedimentary habitats, with both factors playing a similar role in the control of flux rates 
and organic matter remineralisation. 
The main abiotic drivers of ecosystem functioning relevant for aquatic realms discussed by 
Truchy et al. (2015) include: temperature as a basic driver of metabolic processes (also 
Schabhüttl et al., 2013); light and nutrient availability, particularly important for primary 
producers (and nutrients also for decomposers); substrate composition; sediment loading, 
which can decrease light availability and hence limit primary production; hydrological 
regimes, which are fundamental organisers of temporal patterns in biotic structure and 
ecosystem process rates; and interactions between these various abiotic drivers. Under rapid 
global change, simultaneous alterations to compositional diversity and environmental 
conditions could have important interactive consequences for ecosystem function (Mokany et 
al., 2015). Despite this clear importance of abiotic condition on BEF relationships, many 
previously conducted BEF studies did not include testing of abiotic factors, which hampers 
interpretation of such study findings (Strong et al., 2015). There is, hence, a need for 
experimental studies that explicitly manipulate species richness and environmental factors 
concurrently to determine their relative impacts on key ecosystem processes such as plant 
litter decomposition (Boyero et al., 2014).  
2.5.6 Spatio-temporal scale 
The spatial-temporal scale of BEF evaluations has also often been indicated to influence study 
findings (Venail et al., 2010; McBride, Cusens, and Gillman, 2014; Vaughn, 2010; Isbell et al., 
2011; Hodapp et al., 2015; Thompson, Davies, and Gonzalez, 2015). For example, strong 
species-identity effects at local scales can become species-richness effects at larger scales, 
as different species traits are favoured in different habitats (Vaughn, 2010). After evaluating 
17 grassland biodiversity experiments, Isbell et al. (2011) reported that different species 
promoted ecosystem functioning during different years, at different places, for different 
functions and under different environmental change scenarios. The species needed to 
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provide one function during multiple years were also not the same as those needed to 
provide multiple functions within one year (Isbell et al., 2011) and may also vary between 
seasons (Frainer, McKie, and Malmqvist, 2013). After studying nutrient recycling  by 
freshwater mussels, Vaughn (2010) also concluded that this relationship was dynamic 
because both environmental conditions and mussel communities changed over the 15-year 
study period. Both the net effect of diversity and the probability of polycultures being more 
productive than their most productive species increases through time, because the 
magnitude of complementarity increases as experiments are run longer (Cardinale et al., 
2007; Stachowicz et al., 2008; Reich et al., 2012). Similarly, species richness explained an 
increasing proportion of data variation as ecosystem processes complexity increased, and 
complementarity may be stronger as such complexity increases (Caliman et al., 2013). 
What is now sorely needed is a new generation of experiments that target how spatial scale 
and heterogeneity, realistic local extinction scenarios, functional and phylogenetic 
composition, and other aspects of environmental change (especially temperature, 
acidification and pollution) influence the relationship between different dimensions of aquatic 
biodiversity and ecosystem functioning, under natural conditions across spatial and temporal 
scales (Kominoski et al., 2009; Narwani et al., 2015; Hensel and Silliman, 2013; Gamfeldt, 
Lefcheck, and Byrnes, 2014). Observational (i.e. correlational) field studies would provide one 
way forward because they do not require logistically-challenging manipulations, allowing the 
description of diversity-function relationships of entire sites and regions (Gamfeldt, Lefcheck, 
and Byrnes, 2014). Additionally, such studies would allow evaluating BEF curves likely to 
occur in the actual field and, hence, also aid in validating the way data and curves from 
experimental data are used to predict these real-world BEF relationships. However, 
successfully predicting linkages between biodiversity and ecosystem function requires using 
multiple empirical approaches across scales. Larger and consequently more complex 
approaches are ecologically more realistic than smaller systems (Vaughn, 2010). On the other 
hand, smaller-scale (experimental) approaches are easier to replicate and manipulate. 
Therefore, they have been proven more useful in elucidating the chain of events or evaluating 
a specific correlation between e.g. a certain (group of) species on a given ecosystem function.  
Based on lessons learnt from previous experimental and theoretical work, Giller et al. (2004) 
suggested four experimental designs to address largely unresolved questions about BEF 
relationships: (1) investigating the effects of non-random species loss through the 
manipulation of the order and magnitude of such loss using dilution experiments; (2) 
combining factorial manipulation (i.e. including more than two patch types) of diversity in 
interconnected habitat patches to test the additivity of ecosystem functioning between 
habitats (i.e. to test whether the impact of biodiversity on ecosystem functioning in one kind 
of patch depends critically on biodiversity effects in another patch type); (3) disentangling the 
impact of local processes from the effect of ecosystem openness via factorial manipulation of 
the rate of recruitment and biodiversity within patches and within an available propagule 
pool; and (4) addressing how non-random species extinction following sequential exposure 
to different stressors may affect ecosystem functioning.  
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2.5.7 Trait-based evaluations 
Species functional traits may provide an important link between the effect of human 
disturbances on community composition and diversity and their outcome for ecosystem 
functioning (e.g., Enquist et al., 2015; Frainer and McKie, 2015). Disturbance affects the 
distribution and composition of functional traits. Such shifts may, therefore, impact 
ecosystem functioning, particularly when traits that are crucial for ecosystem processes are 
impacted, but also due to changes in interaction between species (e.g. Huston, 1979; Osman, 
2015). 
Strong et al. (2015) evaluated the need for trait-based analysis in relation to the underlying 
BEF mechanism. They noted that BEF relationships underpinned by identity effects are often 
irregular when maintained in taxonomic (i.e. structural) biodiversity units and that such units 
may, hence, benefit from translation into functional diversity using traits-based analysis. For 
BEF relationships emerging from complementarity, direct (taxonomic) measures of 
biodiversity, such as species richness, may be sufficient to express the influence of 
biodiversity (Strong et al., 2015). Given that BEF relationships in the marine environment 
appear to be mostly driven by identity effects (c.f. section 2.4 above), trait-based analysis 
may be a promising way forward for these ecosystem types, although several constraints with 
such analysis have been reported, which include: 
 Most studies of how biodiversity influences ecosystem function have examined single 
traits (e.g., the ability to break down leaves, rates of primary production), which is an 
oversimplification of species’ roles, and very likely has led to underestimates of the 
impacts of species losses (Vaughn, 2010); 
 The rate, efficiency or influence of a particular role is not coded within biological trait 
analysis, and this is understandable considering how the performance of any species can 
change depending on numerous factors, including age/life stage, season, abundance, 
habitat, community composition and environmental conditions (Reiss et al., 2009; de 
Moura Queirós et al., 2011; Vaughn, 2010; Frainer, McKie, and Malmqvist, 2013; Strong et 
al., 2015; Truchy et al., 2015); 
 Efficient ways are needed to extrapolate information about key functional traits of known 
species to estimate the traits of poorly known species, which number in the millions, 
especially microbial species (Naeem, Duffy, and Zavaleta, 2012). 
 Some species may be difficult to allocate to any broadly defined functional group, because 
they possess a high number of unique traits (Mouillot, Bellwood, et al., 2013; Truchy et al., 
2015). 
 Related with this, (freshwater) species are often placed into functional categories on the 
basis of shared autecological traits (i.e., trophic mode, behaviour, habitat, life history, 
morphology) that may not translate into shared ecological function. In addition, the degree 
of redundancy among species assigned to many of such functional groups or guilds is 
unknown (Vaughn, 2010).  
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2.6 Conclusions 
Considering the aims of this chapter as outlined in the introduction (Section 2.1), it can be 
concluded that: 
 Mechanisms and shape of aquatic BEF relationships are highly context-dependant, but 
that they appear to be best approximated by a power function; 
 The shape of the power function (convex or concave) depends on the ecological function 
that the lost species play in the ecosystem and the likely redundancy linked with that 
function. As such ecosystems subject to large disturbancies are more likely to be affected 
by the disappearance of key species for ecosystem functioning. Thus, as biodiversity 
increases in highly disturbed systems, ecosystems are more likely to recover their function 
and become more resilient;  
 A good understanding of the link between biodiversity and ecosystem functions is critical 
as it might determine management approaches that promote ecosystem resilience and 
adaptability essential to the delivery of ecosystem services; 
 Species composition, in addition to species richness, is likely to also be very important, as 
ecosystem functions are very dependent on the role played by each species; as increasing 
biodiversity is likely to increase resilience and ESS delivery; 
 Although a striking level of generality in diversity effects across terrestrial, freshwater, and 
marine ecosystems have been reported, BEF relationships may not directly extrapolate 
across ecosystem types due to intrinsic system-specific characteristics; 
 Despite considerable research efforts and progress into BEF relations in the past decades, 
several research limitations and gaps still exist; 
 Depending on the specific research question that is tackled, both observational and 
experimental studies may increase our understanding of BEF relationships. 
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3 Biodiversity-Ecosystem 
Services Relationships 
The present chapter provides an overview of the information deducted so far from the 
literature review on BES relationships.  
3.1 Introduction 
Physical, chemical, and biological watershed processes are the foundation for many services 
that ecosystems provide to human societies (Villamagna and Angermeier, 2015). Since the 
composition of species communities is changing rapidly through pressures and impacts such 
as habitat loss and climate change, potentially serious consequences for the resilience of 
ecosystem functions on which humans depend may ensue (Oliver et al., 2015).  
As discussed in detail in the previous chapter, there is now a firm evidence base 
demonstrating the importance of biodiversity to ecosystem functioning. However, there is 
less research available into whether biodiversity has the same pivotal role for ecosystem 
services, and hence whether protection of ecosystem services will protect biodiversity, and 
vice versa (Harrison et al., 2014; Bennett et al., 2015). Balvanera et al. (2014), for example, 
examined whether biodiversity, measured as species richness, drives ecosystem services 
supply for three provisioning services: forage, timber, fisheries; and three regulating services: 
climate regulation, regulation of agricultural pests and water quality. They cautioned that, 
while a positive link between biodiversity and ecosystem functioning (BEF) is now strongly 
supported, there is less evidence of a clear relationship between biodiversity and ecosystem 
services (BES) (Balvanera et al., 2014). Until present, it has therefore been challenging to turn 
the concept of ecosystem services into a practical conservation tool in the formulation of 
day-to-day policies on a national or regional scale (Burkhard et al., 2014; Cook, Fletcher, and 
Kelble, 2014; Heink et al., 2016; Mononen et al., 2015).  
The aim of the present chapter is to provide a preliminary overview of existing knowledge on 
causal links between biodiversity and ecosystem services and aspects that need to be 
considered to operationalise BES. 
3.2 Established biodiversity-ecosystem services 
relationships 
Maes et al. (2012) mapped four provisioning services, five regulating services and one 
cultural service across Europe, and found that these tended to be positively correlated with 
biodiversity, although they noted that this relationship was affected by trade-offs, thus 
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resulting in poorer correlations, in particular between the provisioning service of crop 
production and regulating services. For the regulating service water purification, Balvanera et 
al. (2014) summarised 59 experiments, showing that in 86% of the studies—spread across 
terrestrial, freshwater and marine ecosystems—increased species richness reduced nitrogen 
concentrations in water or soil.  
The key role of biodiversity for regulating services has also been verified by other research 
(Mace, Norris, and Fitter, 2012; Harrison et al., 2014). For example, experiments have shown 
that bioremediation of contaminated groundwater and marine sediments is faster and more 
effective when bacterial biodiversity is higher (Dell'Anno et al., 2012; Marzorati et al., 2010). 
Harrison et al. (2014) conducted a systematic literature review to analyse the linkages 
between different biodiversity attributes and 11 ecosystem services. Although the majority of 
relationships were positive, biodiversity appeared to be negatively correlated with freshwater 
provision. This could be explained through increased water consumption resulting from 
increases in community/habitat area, structure, stem density, aboveground biomass and age 
increased water consumption and, hence, reduced the provision of this ecosystem service 
(Harrison et al., 2014). The review also showed that ecosystem services are generated from 
numerous interactions occurring in complex systems. Evidences and recent progresses in the 
field of systems ecology show, for example, that “hierarchical organization has an important 
damping effect in the higher levels on disturbances occurring in the lower levels and that the 
damping effect increases with increasing biodiversity” (Jørgensen, Nielsen, and Fath, 2016). 
Biodiversity may have a similarly complex role when it comes to its effect in ESS and, 
therefore, it is not straightforward to establish BD-ESS relationships. Improving 
understanding of at least some of the key relationships between biodiversity and service 
provision will help guide effective management and protection strategies (Harrison et al., 
2014). However, a recent review (Ricketts et al., 2016) suggests that this task might not be 
that straightforward, as BD-ESS relationships seem to differ among ESS, and to depend on 
methods of measuring biodiversity and ESS, and on approaches to link them (spatially, 
management linkage, and functional linkage).  
The difficulty in understanding the role played by BD in ESS is also due to the direct and/or 
indirect effects that BD can have in ESS provisioning: from regulator role (e.g., wetlands: 
hydrological cycle, carbon cycle), to supplier role (e.g., wetlands: drinking water), or as a 
good itself (e.g., wetlands: wood from mangroves; rice from rice fields) (Mace, Norris, and 
Fitter, 2012; Pascual, Miñana, and Giacomello, 2016). An example of a direct link is the 
demonstrated greater stability of fisheries yields when fish biodiversity increases (Cardinale 
et al., 2012). Indirect effects of biodiversity on ecosystem services act through interaction 
with ecosystem functioning and will, hence, both depend on as well as influence the abiotic 
state. For example, losses of algal diversity may affect the EF primary production and 
subsequently the regulating ESS carbon sequestration (Cardinale et al., 2012; Truchy et al., 
2015). Regarding the latter, Duncan, Thompson and Pettorelli (2015) reviewed commonly 
studied ESS and the underlying EFs and main contributing trophic levels responsible for their 
delivery. Despite acknowledgements of a need for BES research to look towards underlying 
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BD–EF linkages, the connections between these areas of research remains weak (Duncan, 
Thompson, and Pettorelli, 2015).  
Accounting for the relationships between ESS is also crucial to minimise undesired trade-offs 
and enhance synergies, as showed by Lee and Lautenbach (2016). These authors found 
sound evidence that synergistic relationships dominated within different regulating services 
and within different cultural services, whereas regulating and provisioning services often 
implied trade-off relationships. The increase of cultural services showed no evidence of 
affecting provisioning services (Lee and Lautenbach, 2016).  
3.3 What is hampering establishing BES 
relationships 
Despite a wealth of studies into biodiversity’s role in maintaining ESS (BES relationships) 
across landscapes, we still lack generalities in the nature and strengths of these linkages, 
besides that they are unlikely to be linear (Barbier et al., 2008; Pinto and Marques, 2015). For 
example, often, an optimal ESS delivery may benefit from the integration of development 
(demand and supply of ESS) and biodiversity conservation, attaining to EBM goals (Barbier et 
al., 2008). Reasons for lack of stronger evidences are manifold, but can largely be attributed 
to (i) a lack of adherence to definitions and thus a confusion between final ESS and the EFs 
underpinning them, (ii) a focus on uninformative biodiversity indices and singular hypotheses 
and (iii) top-down analyses across large spatial scales and overlooking of context-
dependency (Duncan, Thompson, and Pettorelli, 2015). In more detail, reported constraints in 
establishing BES links include: 1) dealing with multiple interconnected ESS and activities; 2) 
spatial-temporal scale; 3) type of ESS considered; 4) influence of climate change; 5) 
considering social-ecological systems, stakeholders and demand side; and 6) selection of 
relevant indicators. 
3.3.1 Dealing with multiple interconnected ESS and human 
activities 
Multiple interconnected ESS might result from the capacity of an ecosystem to support the 
joint-production of ESS that provide joint products or multiple benefits (Fisher, Turner, and 
Morling, 2009). This joint-production is a characteristic of ESS that results from the capacity 
of an ecosystem to deliver several services or the capacity of a service to provide several 
benefits. A relevant example to illustrate this concept of joint products or multiple benefits, 
is provided by wetlands, as they provide water for human consumption (provisioning service), 
regulate water cycle and mediate water quality (regulating services) and provide recreation 
opportunities (cultural services). 
BES studies that have considered the direct influence of BD for only one ESS, only over a short 
time period, or without any influence of global change, are likely to underestimate its 
importance (Science for Environmental Policy, 2015). Indeed, evidence is now mounting to 
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show that greater biodiversity is needed to maintain multiple ESS in the long term and under 
environmental change (Balvanera et al., 2014; Cardinale et al., 2012; Isbell et al., 2011; 
Naeem, Duffy, and Zavaleta, 2012). In addition, research is needed on the impacts to ESS 
from multiple human activities and their associated stressors (‘impact-pathways’). In most 
cases, human actions to harvest ESS are likely to affect biodiversity (and hence potentially 
ecosystem services) negatively. For example, an integral part of agricultural intensification at 
the plot level is the deliberate reduction of diversity (Swift, Izac, and van Noordwijk, 2004). In 
other cases, there may be synergies, such as flood protection increasing soil quality, habitat 
provision, space for water and recreation (Rouquette et al., 2011).  
Furthermore, human actions can also be translated into the production of ESS together with 
their social and ecological environment, named as co-production of ESS (e.g., Fischer and 
Eastwood, 2016). These authors specifically distinguish between three types of human 
contributions to ESS: i) the co-production of ecosystems structures, like artificial reefs or 
constructed wetlands; ii) the co-production of benefits, by producing something of use for 
themselves or others, such pieces of art or scientific knowledge; and iii) the the attribution of 
meaning to a service or benefit, apart from the tangible production of benefits, like the sense 
of place. The co-production of ESS, as consider by Fischer and Eastwood (2016), can also 
lead to aditional undesired disservices, namely unpleasant landscape resulting from the the 
co-production of ecosystems structures. 
It is also important to integrate the history of ESS and their change over time, as well as 
understanding multi-relationships between ESS, since this can offer opportunities to foster 
synergies and avoid unnecessary trade-offs (Lee and Lautenbach, 2016; Tomscha and Gergel, 
2016). Multi-activity trade-off evaluation and management will require a concerted effort to 
structure ecosystem-based research around impact-pathways (Mach, Martone, and Chan, 
2015). This should include evaluating trade-offs between (i) a good ecological state or 
biodiversity, (ii) maximising provision of ESS, and (iii) low costs (Gómez et al., 2016a). There 
are several quantitative methods that come in hand for assessing such ESS associations, 
applicable to the identification and the understanding of supply-supply (i.e. simultaneously 
provided ESS), supply–demand (i.e. how stakeholders benefit from the ESS delivery), or 
demand–demand (i.e. interactions between stakeholders’ needs) aspects, but also for the 
identification of drivers of ESS bundles (Mouchet et al., 2014).  
Jopke et al. (2015) uncovered complex interactions between ESS using geographical analyses 
for attempting to optimise multiple ESS simultaneously. Similarly to Lee and Lautenbach 
(2016), they also found evidence that interactions of ESS occur in characteristic patterns, e.g., 
with trade-offs among agricultural production (i.e. provisioning) and regulating services. It is 
expected that similar patterns could occur for interactions of ESS pairs and bundles; however, 
synergies or trade-offs might also depend on whether the ESS analised share a common 
driver or location (Lee and Lautenbach, 2016; Jopke et al., 2015). Howe et al. (2014) found 
three significant indicators that a trade-off would occur: a private interest in the natural 
resources available, the involvement of provisioning ESS, and stakeholders acting at local 
scale. Their study suggests that accounting for why trade-offs occur (e.g., from failures in 
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management or a lack of accounting for all stakeholders) is more likely to lead to synergies in 
the end. 
3.3.2 Spatio-temporal scale 
Studies relating biodiversity to ESS often focus on services at small spatial or short temporal 
scales, but research on the protection of services is often directed toward services providing 
benefits at large spatial scales (Howe et al., 2014; Birkhofer et al., 2015). AQUACROSS seeks 
to expand current knowledge and foster the practical application of EBM and, hence, BES for 
all aquatic (freshwater, coastal, and marine) ecosystems as a continuum. The meta-
ecosystem concept provides a powerful theoretical tool to understand the emergent 
properties that arise from spatial coupling of local ecosystems, such as global source–sink 
constraints, diversity–productivity patterns, stabilisation of ecosystem processes and indirect 
interactions at landscape or regional scales (Loreau, Mouquet, and Holt, 2003). In this regard, 
a meta-ecosystem is defined as a set of ecosystems connected by spatial flows of energy, 
materials and organisms across ecosystem boundaries (Loreau, Mouquet, and Holt, 2003). 
3.3.3 Type of ESS considered 
Case studies often focus on provisioning as opposed to non-provisioning services (Howe et 
al., 2014). However, the significance of protecting regulating services and the biodiversity 
that underpins them should not be underestimated, as many other ESS are dependent upon 
them (Harrison et al., 2014; Science for Environmental Policy, 2015). 
3.3.4 Influence of climate change 
Much ecosystem monitoring and management is focused on the provision of ecosystem 
functions and services under current environmental conditions. Yet this could lead to 
inappropriate management guidance and undervaluation of the importance of biodiversity. 
The maintenance of EFs and ESS under substantial predicted future environmental change 
(i.e., their ‘resilience’) is crucial (Pedrono et al., 2015; Oliver et al., 2015). 
3.3.5 Considering social-ecological systems, stakeholders and 
demand side 
According to Bennett et al. (2015), answering three key questions will improve incorporation 
of ESS research into decision-making for the sustainable use of natural resources to improve 
human well-being: (i) how are ESS co-produced by social–ecological systems (SES), (ii) who 
benefits from the provision of ESS, and (iii) what are the best practices for the governance of 
ESS, considering both the supply- and the demand-sides (Mouchet et al., 2014; Balvanera et 
al., 2014; Bennett et al., 2015)? Acknowledging the role that both the ecological and the 
social-economic systems play in the provisioning of ESS, Mouchet et al. (2014) emphasise the 
importance of extending the analysis of these complex relationships beyond the trade-offs 
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and synergies in simultaneously provided ESS (supply-supply), to include also how 
stakeholders can benefit from the ESS delivery (supply–demand), and also the interactions 
between stakeholders’ needs (demand–demand, i.e. referring to the arbitration between 
different and divergent stakeholders’ interests). 
3.3.6 Selection of relevant indicators 
A major challenge in operationalising ESS is the selection of scientifically defensible, policy-
relevant and widely accepted indicators (Heink et al., 2016). For example, an analysis of the 
Marine Strategy Framework Directive (MSFD) revealed ambiguity in the use of terms, such as 
indicator, impact and habitat, and considerable overlap of indicators assigned to various 
descriptors and criteria (Berg et al., 2015). Hattam et al. (2015) highlighted some of the 
difficulties faced in selecting meaningful indicators, such as problems of specificity, spatial 
disconnect between the service providing area and the service benefiting area and the 
considerable uncertainty about marine species, habitats and the processes, functions and 
services they contribute to.  
Despite that there are currently many monitoring programmes for biodiversity in aquatic 
systems, the extent to which they can provide data for ESS indicators is still not clear. Liquete 
et al. (2016) point out that, for an effective quantification of the link between biodiversity and 
ESS, the analysis of the delivery of ESS should be differentiated from the analysis of ecological 
integrity. Subsequently, an important challenge that has to be dealt with in AQUACROSS is 
the definition of relevant indicators for ESS in aquatic realms, within its conceptual 
Assessment Framework (Gómez et al., 2016b; see Section 5 herein).  
3.4 Methodological challenges  
Despite the fact that a surplus of methods and frameworks have been reported in the 
literature (Borja et al., 2016; Truchy et al., 2015), Villa et al. (2014) discussed that on the 
research side, mainstream methods for ESS assessment still fall short of addressing the 
complex, multi-scale biophysical and socio-economic dynamics inherent in ESS provision, 
flow, and use. Establishing BES relationships is challenging, because the multiple disciplines 
involved when characterising such links have very different approaches (common-language 
challenge). Additionally, they span many organisational levels and temporal and spatial scales 
(scale challenge) that define the relevant interacting entities (interaction challenge) (The 
QUINTESSENCE Consortium, 2016).7 On the user side, application of methods remains 
onerous due to data and model parameterisation requirements. Further, it is increasingly 
clear that the dominant “one model fits all” paradigm is often ill-suited to address the 
                                           
7 The QUINTESSENCE Consortium aims at promoting a more unified framework for dealing with 
ecosystems services within research and management. 
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diversity of real-world management situations that exist across the broad spectrum of 
coupled human-natural systems (Villa et al., 2014). Network approaches are also a promising 
method for interdisciplinary research aimed at understanding and predicting ESS (The 
QUINTESSENCE Consortium, 2016). The choice of methods used to determine BES 
relationships is not a trivial aspect, as more studies indicate that it may influence detection 
and/or affect the direction of the relationships found (e.g. Lee and Lautenbach, 2016; 
Ricketts et al., 2016). 
To foster the use of the empirical knowledge gathered in the last years, several authors 
support the development of broad registers of evidence on BES relationships (Ricketts et al., 
2016). A good example is the database assembled by Pascual, Miñana, and Giacomello (2016) 
integrating available research results on BD–EF–ESS-Human well-being relationships, to 
support Bayesian Network modelling and scenarios development, accounting for uncertainty, 
in support of better informed decision-making processes. 
The limitations and methodological challenges previously outlined will need to be addressed 
in AQUACROSS. Its several case studies may eventually shed light on the general applicability 
and adaptability of the overall proposals of the present report. Methods selected will need to 
be flexible, and adhere to the Assessment Framework (AF) developed under AQUACROSS 
(Gómez et al., 2016a,b). Eventually, the AF may be adapted based on lessons learnt from its 
application in the case studies. 
Finally, a general preference for assessing ESS at terrestrial ecosystems as opposed to 
marine, coastal and freshwater ecosystems, is evident from the literature (Pascual, Miñana, 
and Giacomello, 2016). This emphasises the potential for AQUACROSS research to contribute 
meaningfully to the advances in this field of research.  
3.5 Conclusions  
Considering the aims of this chapter as outlined in the introduction (Section 3.1), it can be 
concluded that: 
 A good understanding on how BD underpins ESS is of paramount importance, allowing 
decision-makers to consider the demand for ESS, the capacity of ecosystems to provide 
them and the pressures disabling directly or undirectly that capacity; 
 BD is generally correlated with ESS, either positively or negatively depending on the type of 
the ESS, although the strength of the correlation might be reduced by the existence of 
trade-offs between ESS; 
 The methods of measuring BD will affect the assessment of BD and ESS relationships;  
 Indirect effects of BD on ESS will also act through interaction with EF, that is also 
dependent on the influence of the abiotic state; 
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 To minimise undesired trade-offs and enhance synergies between ESS, it is crucial to 
account for their spatial and temporal nature, as well as the management options that will 
condition those relationships; 
 Although, a mismatch regarding ESS provided through joint-production (ESS that provide 
joint products or multiple benefits) or through co-production (human contributions to ESS) 
might occur, both concepts should be clearly defined and considered when dealing with 
interconnected ESS and human activities. 
 The selection of indicators within the AF of AQUACROSS should take in consideration that 
the analysis of the delivery of ESS should be differentiated from the analysis of ecological 
integrity; 
 Despite the advances in understanding and assessing BD and ESS relationships, the 
application of methods to address them remains onerous due to data and model 
parameterisation requirements; 
 The complexity and broad spectrum of coupled human-natural systems relationships 
challenges the dominant ”one model fits all” paradigm, making the choice of methods 
used to determine BD and ESS relationships context-dependent. 
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4 Evidence from Meta-analysis 
on BEF and BES Relationships 
4.1 Introduction 
The application of meta-analysis to ecological data, combining experimental data to test 
general hypotheses in ecology, emerged in the early 1990s (Hedges, Gurevitch, and Curtis, 
1999). Meta-analyses integrates quantitative data presenting the “bigger picture” in terms of 
hypothesis testing, that is, meta-analyses allow data to be collected from a large number of 
publications, sites, taxa, etc., and permit the presentation of analysis in a standardised 
metric. Meta-analyses are a powerful approach for statistically testing hypotheses linked with 
multi-scale spatial and temporal patterns of dynamic populations, communities, and 
ecosystems (Cadotte, Mehrkens, and Menge, 2012).  
Meta-analysis and validation of modelling approaches based on existing data, provided that 
they carefully consider the aspects discussed in the present report (spatio-temporal scale, 
number of EFs considered in the studies used, etc.), appear to be a good way forward to 
enable operationalising BEF research. 
4.2 Meta-analyses of BEF and BES relationships 
Early BEF syntheses were based on expert opinions or qualitative summaries and 
interpretation of data, which resulted in inconsistent conclusions, forcing researchers to 
confront their hypotheses with more quantitative forms of analyses (Cardinale et al., 2011; 
Naeem, Duffy, and Zavaleta, 2012). In the past decade, several meta-analyses on data 
obtained from manipulative experimental BEF experiments have been conducted to attain 
evidence for BEF relationships (Balvanera et al., 2006; Worm et al., 2006; Stachowicz, Bruno, 
and Duffy, 2007; Schmid, Pfisterer, and Balvanera, 2009; Cardinale et al., 2011; Reich et al., 
2012; Mora, Danovaro, and Loreau, 2014). Since BEF evidence is mainly based on 
experimental studies, it has been debated in recent years as to whether these results are 
transferable to natural ecosystems; even more since BEF relationships may be different under 
both conditions. To date, only a few studies have addressed the challenge of validating 
experimentally derived theories with data from natural aquatic ecosystems (Duffy, 2009; 
Hodapp et al., 2015; Thompson, Davies, and Gonzalez, 2015). The development and 
application of integrated models of composition and function in natural ecosystems face a 
number of important challenges, including biological data limitations, system knowledge and 
computational constraints (Mokany, Ferrier, et al., 2015). For example, due to the 
multivariate nature of most ecological data, the methodology applied to assess fundamental 
mechanisms must accommodate the multivariate nature of these dependencies, as well as 
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direct and indirect influences, e.g., by using structural equation models (SEMs) (Cardinale, 
Bennett, et al., 2009; Hodapp et al., 2015). 
Integrated models could highlight priorities for the collection of new empirical data, identify 
gaps in our existing theories of how ecosystems work, help develop new concepts for how 
biodiversity composition and ecosystem function interact, and allow predicting BEF relations 
and its drivers at larger scales (Balvanera et al., 2014; Fung et al., 2015; Queirós et al., 2015; 
Strong et al., 2015; Mokany, Ferrier, et al., 2015). Integrated models are models which 
simulate and project simultaneous changes in biodiversity composition and EF over space and 
time for large regions, incorporating interactions between composition and function (Mokany, 
Thomson, et al. 2015). Such models could also form components within larger ‘integrated 
assessment models’, improving consideration of feedbacks between natural and 
socioeconomic systems (Mokany, Ferrier, et al. 2015). Ultimately this would aim at better 
informed management, as seen in the framework underlying the Intergovernmental Platform 
on Biodiversity and Ecosystem Services (IPBES) (Diaz et al., 2015).  
Meta-analyses can be used to provide an integrated view of dispersed experiments that can 
be used to test a given hypothesis. Numerous examples of meta-analyses can be found in the 
literature involving different aspect of the causal flows involved in the chain off processes-
BD-EF-ESS-benefits (see Annex II). An example of outputs from such analyses it is illustrated 
in the next section. 
4.3 Example of some outputs from a meta-
analysis involving BEF relationships  
Griffin, Byrnes, and Cardinale (2013) tested the effect of predator richness on prey 
suppression using meta-analysis. Although their work focus only at one trophic level, 
predators in relation with their preys (usually herbivores), the supplementary information 
provided allow us to extend their approach to the underlying trophic levels (herbivores, 
producers and decomposers). For each experiment considered, the densities of 
prey/plants/nutrients/detritus (abundance per area or volume), reported in single-species 
treatments (monocultures), and the highest predator/herbivore/producer/detritivores 
richness treatment (polycultures), at the final time point of experiments (to maximise the 
potential for treatments of varying diversity levels to diverge), were considered. These pairs 
of values were used to calculate two metrics (log-response ratios) of the predator/herbivore/ 
producer/detritivores richness effect on prey/plants/nutrients/detritus suppression.  
The first of these log-response ratios quantifies the mean richness effect (LRmean) and 
measures whether the most species rich predator/herbivore/producer/detritivores mixture 
suppresses prey/plants/nutrients/detritus to a lesser or greater degree than the average of 
its component species in monoculture. The second log ratio, LRmax, gauges the performance 
of the polycultures relative to the predator/herbivore/producer/detritivores species that is 
most effective at suppressing prey/plants/nutrients/detritus (i.e., highest efficiency). These 
 30  Evidence from Meta-analysis on BEF and BES Relationships 
metrics were both reflected (multiplied by -1) to convert from measures of effects on final 
predator/herbivore/producer/detritivores density (the common response reported in studies) 
to effects on the level of prey/plants/nutrients/detritus suppression achieved by a 
predator/herbivore/producer/detritivores group. This meant that positive effects could be 
interpreted more intuitively as a positive effect of diversity on the magnitude of the aggregate 
process of interest (see Griffin, Byrnes, and Cardinale, 2013 for further details on the 
calculations involved). Results from an analysis involving the four trophic levels: predators, 
herbivores, producers, detritivores are depicted in Figure 3. 
Individual experiments showed significant positive effects of predator richness on prey 
suppression in more than half of the cases, no significant effect in less than half of the cases, 
and significant negative effects in just 2 out of 46 cases. On average, species rich mixtures of 
predators suppress prey densities to a greater degree than their component species do alone, 
as 95% confidence interval for the grand mean indicates as it is located mainly to the positive 
part of LRmean. Among individual experiments, there was a predominance of non-significant 
effects on LRmax (28 of 40 effect sizes), with positive and negative significant effects equally 
rare (6 of 40 for each). Relative to the best-performing single species, that is, the predator 
species that reduces prey populations to the lowest level, diverse mixtures of predators were 
equivalent to the most efficient single predator species at suppressing prey, as shown by the 
95% confidence interval for the grand mean. However, when we consider lower trophic levels 
although the number of significant negative effects continues to be very low (2 of 32 for 
herbivores, 2 of 17 for producers, and 2 of 32 for detritivores) the number of significant 
positive effects decreases with trophic level. 
Predators seem to have a greater impact on their resources than lower trophic levels. 
Predator richness did not, however, strengthen prey suppression relative to the single most 
effective species (LRmax), perhaps implying that as long as the single most efficient predator is 
conserved, losses of predator richness may not affect prey suppression. However, the 
absence of a so-called “transgressive overyielding” effect should be interpreted cautiously. 
LRmean of predators are stronger than those of both plant richness and decomposer richness, 
indicating that species losses may have the strongest effects at higher trophic levels, where 
they are thought to most likely occur, as previously predicted. These results do not 
completely agree with results from Cardinale et al. (2006), as more studies were included in 
Griffin, Byrnes, and Cardinale (2013). Although a meta-analysis with more studies might 
imply higher variability in the results it makes the analysis more robust. 
In conclusion, meta-analyses are important tools to analyse response patterns linked with 
BEF relationships measured in observational or experimental studies in order to derive, when 
possible, general rules. Nevertheless, the outcomes of this type of analysis is highly 
dependent on the number of studies involved and the trophic level considered. As previously 
noted, as we move towards upper trophic levels the impact of BD becomes more pronounced 
and relevant. Outcomes of meta-analyses will facilitate the establishement of suitable models 
to address BEF relationships or help identify situations where these relationships might be 
case-dependent. 
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Figure 3: Effects of richness in upper trophic level on suppression of lower trophic level  
 
Legend: (a) mean richness effect (log-response ratio, LRmean) and (b) relative to best-performing 
individual species (log-response ratio, LRmax). Studies are arranged in order of effect size. Effects 
from each experiment are color-coded: negative effect (red), no effect (non significant, cyan), and 
positive effect (green). Yellow points indicate that confidence interval (and therefore statistical 
significance) could not be established. The shaded pink areas show the 95% confidence intervals of 
the grand means of each biodiversity effect.  
Source: Graphs generated from supplementary data published by Griffin, Byrnes, and Cardinale 
(2013). 
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5 Indicators for Biodiversity, 
Ecosystem Functions and 
Ecosystem Services 
As part of the development of an EBM operational assessment framework (AF), the social-
ecological system needs to be deconstructed into a set of component parts (Elliott, 2011; 
Smith et al., 2016). Such a framework allows categorising a problem domain along the cause-
effect chain (Patrício, Elliott, et al., 2016). In previous AQUACROSS deliverables (see Gómez et 
al., 2016a,b), we have identified and defined the key points and links within the SES that are 
relevant for the stages of implementation of the AQUACROSS AF presented in this document 
(Figure 2).  
The AQUACROSS AF evolves from the traditional Drivers-Pressures-State-Impact-Response 
(DPSIR) cycle by explicitly considering ecosystem functions and services, human well-being, 
and both social and ecological processes (Gómez et al. 2016a). In this report, we focus on 
how ecosystems are linked to human welfare and, hence, in the main adaptations made by 
the AQUACROSS AF to the State-Impact stages of the DPSIR framework. The AQUACROSS AF 
approach allows better capturing the complex links between BD (as captured by measures of 
BD and ecosystem status) and the ecological processes ensuring crucial EF that enable the 
supply of ESS. Since these themes (i.e., Biodiversity - BD, Ecosystem Functioning - EF, and 
Ecosystem Services - ESS) are central to the stage of the AQUACROSS AF dealt within this 
report, a clear agreement on a definition of what an ESS is, and how this relates to EF and its 
BD components is required to allow the selection of appropriate and differentiated indicators 
(Böhnke-Henrichs et al., 2013; Liquete et al., 2013; Smith et al., 2016). Classification 
methods (next sections) applied to each of those compartments (i.e., BD, EF, and ESS) 
facilitate establishing links between each other, while the adoption of indicators will enable 
quantification of causal links along this BD-EF-ESS cascade. This means that indicators 
should be as stage-specific as possible and facilitate an articulated flow between the stages 
of an assessment framework, clarifying links, ideally allowing quantitative assessments, while 
avoiding overlap and double counting. 
One of the advantages of having a set of indicators is that they aid organising the type of 
information needed for the assessment, and also allow quantifying the relationships between 
the different components and the flows across the AF (Gómez et al. 2016b). Indicators can 
also provide insight into variations in resilience by reporting e.g. on ecosystem recovery rates 
after disturbance (Lambert et al., 2014; Rossberg et al., 2017). This, in turn, can be used to 
assess the sustainability of human activities’ impacts and support the development of 
appropriate management strategies (Lambert et al., 2014; Lillebø et al., 2016). 
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However, the complexity of the ecological systems, where structure and processes will 
combine in a myriad of ways to perform EF and to secure ESS supply, makes the selection of 
indicators a difficult process in practice (e.g. Maes et al., 2014; Lillebø et al., 2016; Liquete et 
al., 2016). 
This report aims at providing guidance for selecting biodiversity components, ecological 
functions and ESS and respective indicators in ways that the assessment reflects the 
complexity of social-ecological interactions (Gómez et al., 2016a; Saunders and Luck, 2016) 
(Section 5.1). It is also crucial that the selection of indicators at this stage should be 
integrated and in line with relevant processes identified in the preceding stages of the AF 
(i.e., Drivers and Pressures; see Deliverable 4.1), in order to achieve a meaningful selection of 
ecosystem components and associated indicators and ensure a successful flow of information 
(see considerations under Section 5.2). 
5.1 Classifications and indicators selection 
Potential lists of indicators, indices and associated metrics, have been elaborated accounting 
for indicators outlined by key legislation identified in the project (see Deliverable 2.2 by 
O’Higgins et al., 2016) and identified in relevant scientific literature. For each main theme in 
the supply-side of the AQUACROSS AF (Figure 2) (i.e. BD, EF, and ESS, both ESS supply and 
ESS demand) the possible sources and examples of indicators are provided as an Annex. 
However, these are not intended to be prescriptive lists and each case study should select the 
indicators deemed most adequate for the context and purpose of study (i.e. the aquatic 
realm, the ecosystem features, the scale(s) of study, the identified pressure(s), the ESS being 
scrutinized; also see Section 5.2).  
This guidance aims also at promoting consistency throughout the case studies, such that a 
standardized approach may ultimately allow a comparison of BEF and BES relations identified 
across aquatic realms, contributing to understand whether they are interchangeable or 
ecosystem-specific. 
To operationalise this, the guidance focuses on: 
 Defining comprehensive classifications (and developing relevant subcategories) pertinent 
for aquatic ecosystems, within each main theme: i.e. BD, EF and ESS, since such 
subcategories will allow building meaningful causal networks between the different 
components of the framework. The classification systems will be tailored to AQUACROSS 
needs, either by building on scattered approaches (as for BD and ecosystem state 
assessment), or by developing new ones (as in the case of EF), or by adapting existing 
ones (as the CICES ESS classification enlarged to accommodate abiotic outputs). See 
Sections 5.1.2 to 5.1.4 
 Providing lists of indicators, and/or sources of indicators, and allocate indicators within 
each theme classification (i.e. BD, EF and ESS) and respective subcategories; preliminary 
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lists of indicators for BD, EF and ESS, structured into meaningful categories, as described 
in the following sections. See Annex I 
 Identifying criteria for the selection of good indicators, relevant within each theme, and 
setting a de minimum approach to be applied across case studies. See next section 5.1.1 
 Providing recommendations for applying a holistic approach to the BD-EF-ESS, accounting 
for interactions, synergies, and trade-offs, when identifying causal links. See Sections 2 
and 3.  
Box 2: Definition of Indicators, Index, Metric and Measure within AQUACROSS 
It is important to clarify how the concept of indicator, and the related terms index, metric and measure are 
understood and used within this document. 
The term measure refers to a value measured against standardized units. A measure of something does not 
necessarily indicate something useful. 
The term metric refers to a quantitative, a calculated or a composite measure based upon two or more measures. 
Metrics help to put a variable in relation to one or more other dimensions. 
The term index refers to a metric whose final outcome should be easily interpreted by a non-specialist within a 
qualitative continuum. It can be a quantitative or qualitative expression of a specific component or process, to 
which it is possible to associate targets and to identify trends, and which can be mapped. It is how an indicator 
becomes an operational tool used within a management, regulatory or policy context. 
The term indicator refers to a variable that provides aggregated information on certain phenomena, acting as a 
communication tool that facilitates a simplification of a complex process. It relates to the component or process 
responsive to changes in the social-ecological system, but does not possess a measurable dimension. Therefore it 
is not an operational tool in itself. 
An example of the use of the terminology above mentioned could be: 
Biogenic structures (such as coral reefs) are good indicators of seafloor integrity, for which specific metrics (e.g. 
biotic cover (%), maximum height) that can describe their features and are sensitive to pressures, need to be 
identified and incorporated into indices that allow evaluating their status and tracking progress in space and time. 
5.1.1 Criteria for selecting indicators 
Having a list of indicators, as comprehensive it may be, per se does not ensure a coherent 
evaluation of how the ecosystem state and functioning converge to secure the supply of ESS. 
In this sense, the tables in the following sections (5.1.2 to 5.1.4) provide guidance for 
selecting biodiversity components, EF and ESS, and how to link specific indicators to these 
proposed classifications (table in Annex) in ways that the case study assessments are able to 
integrate and reflect the complexity of social-ecological interactions (Gómez et al., 2016a,b; 
Saunders and Luck, 2016).  
The selection of sound and relevant indicators has been the topic of prolific research, with 
several established criteria for identifying and testing the quality of indicators largely 
recognised as essential for building more robust assessments (Heink et al., 2016). Here, we 
point to the recent review and framework for testing the quality of indicators proposed by 
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Queirós et al. (2016) as a practical tool to guide the identification, comparison and selection 
of relevant, scientifically robust, cost-effective and sound indicators. This framework 
provides a scoring system that may be used as a basis to set minimum standards (i.e. quality 
criteria) for indicators. 
 Within AQUACROSS, it could be used, for example, for (a) selecting mandatory criteria that 
indicators need to fulfil or (b) agreeing on a minimum quality score to be achieved by an 
indicator before its use in case studies’ assessments. In this sense, the AQUACROSS partners 
could select those criteria more relevant for the supply-side stages of the AQUACROSS AF 
(Figure 2), using them to set minimum quality standards across the eight case studies. 
Criteria cover aspects from scientific basis to ecosystem relevance, to target setting, to cost-
efficiency, just to name a few (Queirós et al., 2016). 
5.1.2 Biodiversity classifications 
As introduced in Deliverable 3.2 of the AF (Chapter 2.5 in Gómez et al., 2016b), BD has an 
inherent multidimensional nature, spanning genes and species, functional forms, habitats 
and ecosystems, as well as the variability within and between them (Gonçalves et al., 2015; 
Laurila-Pant et al., 2015). Often regarded as a measure of the complexity of a biological 
system (Farnsworth, Lyashevska, and Fung, 2012; Farnsworth, Nelson, and Gershenson, 
2013), BD is usually taken to be an abstract ecological concept (Bartkowski, Lienhoop, and 
Hansjürgens, 2015). Since preventing the loss of BD is increasingly becoming one of the 
important aims of environmental management, biodiversity must be understood and defined 
in an operational way (Laurila-Pant et al., 2015). 
Farnsworth, Adenuga, and de Groot (2015) have defined BD as the information required to 
fully describe or reproduce a living complex ecological system; acknowledging like many 
others that, though a definition might be precise and ‘concrete’, it is still technically very 
demanding to calculate in practice (Bartkowski, Lienhoop, and Hansjürgens, 2015; Jørgensen, 
Nielsen, and Fath, 2016). To add complexity, all the dimensions of BD are tightly 
interconnected, affecting the state and functioning of the ecosystem as well as the ESS 
(Laurila-Pant et al., 2015). Ecosystems are complex functional units, encompassing not only 
the biotic and abiotic components of the environment (i.e., the biophysical environment), but 
their ecology, i.e. how living organisms interact with each other and with the surrounding 
environment. To offer a consistent theory about EF, a recent ecological sub-discipline has 
developed - systems ecology (Jørgensen, Nielsen, and Fath, 2016) that builds on the four 
pillars: (1) hierarchy, (2) thermodynamics, (3) networks and (4) biogeochemistry (Jørgensen, 
2012). Because of such complexity, it is not straightforward to account for the role of BD or 
for the impacts of its decline on ESS in general (TEEB, 2010; Jorgensen and Nielsen, 2013; 
Laurila-Pant et al., 2015). So the question is: how to identify and select relevant proxies of BD 
that allow moving forward with current knowledge?  
There is still not a clear understanding of the underlying role BD plays in ESS provision 
(Kremen, 2005; Hattam et al., 2015; and see also review above). In order to understand this 
role, the parts of the ecosystem which provide the services need to be identified. Most 
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studies consider parts of the ecosystem, such as biotic groups (e.g. Grabowski et al., 2012), 
habitats (e.g. Burkhard et al., 2012) or functions (e.g. Lavery et al., 2013), in understanding 
the effect that changes in these have on the supply of ESS. Interactions between multiple 
biotic groups or habitats (thus overall BD) can influence service supply (Barbier et al., 2011). 
However, even where BD generally has been related to the supply of services, this has started 
with identifying the initial relationship between specific biotic groups and their supply of 
services and then considering BD of these groups at a regional scale (Worm et al., 2006). 
Assessing BD and evaluating the state of ecosystems requires suitable indicators for tracking 
progress towards environmental goals, for quantifying the relation between BD and the 
function, and for establishing links with ecosystem provision (e.g. Pereira et al., 2013; 
Tittensor et al., 2014; Geijzendorffer et al., 2016; Teixeira et al., 2016). 
If assessments aim, furthermore, at contributing to increase our understanding of the general 
causal links between BD-EF-ESS, it is then also crucial to ensure comparability of the BD 
measures adopted (Pereira et al., 2013; Gonçalves et al., 2015; GOOS BioEco Panel, 2016), by 
selecting at least a minimum set of common metrics for monitoring trends in BD and the 
integrity of the ecosystems.  
In the process of selecting operational indicators it is, nevertheless, important to emphasise 
what Jost (2006) so clearly stated: “a diversity index is not necessarily itself a ‘diversity’, and 
likewise the many measures used as proxies to grasp biodiversity, by themselves, are not 
biodiversity.” This points to the need to use complementary measures that account for the 
complexity and many facets of BD (Kremen, 2005; Borja et al., 2014; Bartkowski, Lienhoop, 
and Hansjürgens, 2015). 
In this report, several potential sources of indicators (and indices or associated metrics) are 
presented. It is, however, important to have present that the field of BD valuation is rather 
heterogeneous regarding both valuation objects and valuation methods (Bartkowski, 
Lienhoop, and Hansjürgens, 2015; Teixeira et al., 2016). The conservation and environmental 
management programmes have had different goals and approaches through time and have, 
therefore, selected different components to be assessed (see Deliverable 2.2 by O’Higgins et 
al., 2016), leading to different classifications and to the choice of different indicators. For 
example, earlier conservation initiatives (e.g. EU Nature and Water Directives) have focused 
traditionally on individual structural components, or on communities’ composition and 
associations and habitats, which is reflected in the classifications adopted (such as e.g. the 
EUNIS biotopes classification, species red lists, biological quality elements). More recent EBM 
approaches (e.g. MSFD, EU 2020 Biodiversity Strategy) attempted to integrate the interplay 
between natural, social and economic systems, with their choice of indicators reflecting these 
different dimensions and the interactions between them (e.g. BD, food webs, commercial fish 
and shellfish, contaminants, improve knowledge of ecosystems and their services). Such 
inconsistency between existing approaches leads to a gap in standardised classifications for 
identifying the different and most relevant components of BD for selecting BD indicators.  
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Here, we bring together classifications used by different approaches in an attempt to 
facilitate the identification and assessment of parts of the ecosystem which, directly or 
indirectly, contribute to the delivery of ESS (Table 1).  
Once the ESS providers have been identified, these can be the focus for identifying indicators 
of the functions, services, and benefits,8 while maintaining a strong link with the state of the 
ecosystem. A typology of ecosystem components can also facilitate assessment of changes in 
ecosystem state due to drivers and pressures and consequent changes in the capacity to 
supply services, by linking it upstream to a typology of drivers and pressures (see Section 5.2 
and Deliverable 4.1) and downstream to typologies of EF and ESS, such as those discussed in 
the following sections. 
Regarding BD and ecosystem state evaluation, numerous indicators and indices are available 
for aquatic ecosystems (see for example the following reviews: Piet and Jansen, 2005; Piet et 
al., 2006; Birk et al., 2012; ICES 2014, 2015; Hummel et al., 2015; Piroddi et al., 2015; Maes 
et al., 2016; Teixeira et al., 2016), which are often developed in response to legal 
requirements, i.e. the Water Framework Directive, the MSFD, the EU 2020 Biodiversity Strategy 
SEBI indicators, the Red List Index for European species and the Habitats Directive. Thus, 
based on the requirements set by these legal frameworks, Member States will map and assess 
the state of their aquatic ecosystems, as required also by the EU 2020 Biodiversity Strategy 
Action 5. The objectives of the above-mentioned environmental policies differ, which is 
reflected in the distinct approaches adopted to assess ecosystem state (Zampoukas et al., 
2013). Nevertheless, from conservation-oriented frameworks targeting particular species and 
habitats (as in the Nature Directives) to more encompassing EBM approaches (as in the 
MSFD), they have all contributed to the development of a wealth of methods for ecosystem 
assessments (Birk et al., 2012; ICES, 2014, 2015; Teixeira et al., 2016). 
The adoption of existing indicators within case studies when applying the AQUACROSS AF not 
only favours a relevant link with European environmental policies in place, but ensures also 
that data are likely to be available for indicators and metrics referenced within those legal 
documents (Birk et al., 2012; Berg et al., 2015; Hummel et al., 2015; Teixeira et al., 2016; 
Patrício et al., 2016). 
Indicators available for BD assessment include a variety of approahes from structural to 
functional, ranging from the sub-individual level to the ecosystem level, and capturing 
changes and processes operating at different spatial scales (see reviews by Birk et al., 2012; 
Teixeira et al., 2016). Thus, the scope of the indicators available is wide and, therefore, it 
should be able to cover case-study needs. Nevertheless, new indicator development could be 
justified within the AQUACROSS project, which would complement gaps in the existing 
resources. 
                                           
8 The assessment of Benefits and Values is not in the scope of the present report. 
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Table 1: Classification for biodiversity and the state of the ecosystem, applicable to aquatic ecosystems  
 
Legend: Assessment Framework (AF), Not Applicable (n.a.), biodiversity (BD), freshwater (FW), transitional waters (TW), coastal waters (CW) 
and marine waters (MW). Full classification (beyond Class level) is provided in Annex I (e.g. go to next level). This is a hierarchical 
classification, except for the Division level (under category Diversity) that is interchangeable with the Section level.  
AF stage Biodiversity (BD)  hierarchical  ( non-hierarchical )
Levels Category (C ) Section (S)  Division (D) Group (G) Class (Cl)
Instructions two approaches are 
possible:
for each of the previous 
approaches, there are several 
alternatives:
for each of the three previous 
alternatives in Category 1 
Diversity, any of the following 
three approaches is possible:
Diversity or Ecosystem State can be 
assessed at different levels (as 
suitable):
for the different levels  grouped under Biodiversity 
components there are several detailed 
classifications available, l inked to different 
environmental policies, as indicated below:
1. Diversity 1. genetic diversity
2. structural diversity
3. functional diversity
(Diversity assessment scale)
1. alpha diversity ("local")
2. gamma diversity 
("regional")
3. beta diversity (turnover or 
dissimilarity)
2. Ecosystem State (taken from Teixeira et al. 2016; 
definitions therein)
1. Indicator Species
2. Target Groups
3. Physiological Condition
4. Population Ecology
5. Community Structure
6. Life Traits
7. Foodweb
8. Thermodinamically Oriented
9. Biotope Features
1.1. WFD & MSFD taxonomic classific.*
1.2. MSFD functional groups classific.*
1.3. Functional traits classifications*
2.1. n.a. - go to next level: Indicators and /or 
indices (I;i)
3.1. EUNIS classification level 4*
4.1. HD classifications 'level 3' (habitat type)*
4.2. EUNIS classification level 3 (habitat)*
4.3. MSFD predominant habitats 
classification*
4.4. WFD supporting elements & 
Hydromorphological features*
5.1.  n.a. - go to next level: Indicators and /or 
indices (I;i)
n.a. - go to next level:
Group (G)
(Biodiversity components)
1. species
2. population
3. community
4. habitat (includes abiotic 
features)
5. ecosystem
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We draw attention to the importance of linking the indicators to the relevant ecosystem 
component(s) (as in Table 1) in order to facilitate the identification and quantification of flows 
during integrated modelling approaches and when linking this stage of the AQUACROSS AF to 
the remaining stages of the SES.  
It is important to clearly distinguish between these different parts of the causal chain and 
have a common understanding of the categories in order to develop comparable outcomes of 
the relationships across geographical regions and across realms. This is regardless of the 
types of activities, pressures or ecosystem changes which may occur (Cooper, 2013). This will 
also ensure that AQUACROSS outcomes from the case studies may be comparable or at least 
interpretable within a common framework. An initial list of possible indicators for BD and 
ecosystem state assessment, along with links to other relevant sources of indicators, is 
provided as an Annex to this report. 
5.1.3 Ecosystem functioning classifications 
Recent research is thriving with new approaches and attempts to measure functionality (see 
Section 2). However, ecosystem functioning was not traditionally incorporated in applied 
management, which is reflected in the relatively reduced number of operational indicators 
found in the literature (Mouillot, Graham, et al., 2013; Hummel et al., 2015; Teixeira et al., 
2016). For the aquatic realm, there are, nevertheless, good examples that demonstrate the 
potential of considering functional aspects within management contexts, namely through the 
use of species functional traits (e.g. van der Linden et al., 2016), or through the 
complementary use of functional variables like decomposition and sediment respiration in 
stream health monitoring practices (Feio et al., 2010). The EU MSFD has moved a step 
forward by incorporating functional aspects of ecosystems into its requirements, and the 
marine environmental assessments will now need to incorporate functional criteria.  
As introduced in Deliverable 3.2 of the AF (Chapter 2.5 in Gómez et al., 2016b), any 
application of ecological models, selection of indicators, and quantification of ESS requires a 
sound knowledge of how ecosystems are functioning (Jørgensen, Nielsen, and Fath, 2016). 
However, the definition of ecosystem functioning and in particular the indicators used for 
measuring EF do not gather more consensus (Jax, 2005; Nunes-Neto, Moreno, and El-Hani, 
2014; Dussault and Bouchard, 2016) than that found for BD (see previous section). The term 
“function” has been used in different ways within environmental science (Jax, 2005), and in 
particular within ecology (Dussault and Bouchard, 2016) and the ESS context (Jax, 2016). 
In ecology, functions have privileged a contextual and relational aspect, i.e. “causal role” 
functions (see discussion by Dussault and Bouchard, 2016), over an evolutionary perspective. 
Based on the organisational theory of functions, function in ecology has been defined by 
Nunes-Neto, Moreno, and El-Hani (2014) as “a precise effect of a given constraint on the 
ecosystem flow of matter and energy performed by a given item of biodiversity, within a 
closure of constraints.” This definition clearly distinguishes and links the different 
components of BD and EF (i.e. BEF). And in fact, in an EBM context, as that of the AQUACROSS 
AF, attributing functions to biotic and abiotic components of ecosystems facilitates the 
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purpose of analysing processes of an ecosystem in terms of the causal contributions of its 
parts to some activity of an ecosystem (Jax, 2005), for example, related with ESS. 
Nevertheless, this approach may be insufficient with respect to some important aspects of 
BEF research, namely in the relationship between BD and ecosystem stability and resilience 
(Loreau and de Mazancourt, 2013; see discussion by Dussault and Bouchard, 2016).  
From an evolutionary perspective, ecological functions should be defined relative to an 
ecosystem’s more general ability to persist (i.e., both resistance and resilience). Accounting 
for how species traits enhance their present fitness, and therefore their propensity to survive 
and reproduce (Bigelow and Pargetter, 1987), might suit better the focus of BEF research on 
the relationship between BD and ecosystem resilience and sustainability, which in turn, when 
scaled-up to ecosystems level, can be interpreted as a propensity to persist, i.e. in terms of 
ecosystem stability and resilience (Bouchard, 2013a, 2014 in Dussault and Bouchard, 2016). 
In the context of AQUACROSS, ecosystem function9 is defined as:  
“a precise effect of a g iven constraint on the ecosystem f low of matter and 
energy performed by a given item of biodiversity ,  within a closure of 
constraints.  Ecosystem functions include decomposi t ion, production, 
nutr ient cycl ing, and f luxes of nutr ients and energy .”  
Ecosystem functions differ from ecosystem processes,9 as the latter are:  
“physical ,  chemical  or biological  action or event that l ink organisms and 
their  environment.  Ecosystem processes include, among others,  
bioturbation, photosynthesis,  nitr i f ication, ni trogen f ixation, respiration, 
productivity,  vegetation succession .”  
In the process of implementing an EBM approach, it is essential that the measures of 
ecosystem functioning can be correlated both with measures of BD of ecosystems (Cardinale 
et al., 2006; Hooper et al., 2005) on one side and with measures of ESS (Harrison et al., 2014) 
on the other side. In this sense, despite the fact that there might still be gaps in functional 
indicators and that further development of new indicators will be particularly relevant in this 
field, we list already some approaches that might be useful for applying AF in case studies. 
EFs and related indicators are usually divided into three main categories: (1) production, (2) 
biogeochemical cycles and (3) structural, although terminology may differ slightly depending 
on the source. The different ecological processes that ensure these EFs are listed in Table 2; 
where an ecological process can be associated to several EFs, and an EF may depend on 
several ecological processes. 
                                           
9 Ecosystem function and ecosystem processes definitions have evolved from the definition of 
ecological process in the AQUACROSS Innovative Concept, p. 80, where it was defined as “the natural 
transformations resulting from the complex interactions between biotic (living organisms) and abiotic 
(chemical and physical) components of ecosystems through the universal driving forces of matter and 
energy”. Although these definitions are complementary, it was felt that it would be beneficial to treat 
them apart, for clarity and accuracy, but also to better support selection of specific indicators. 
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Table 2: Classification proposed for ecosystem functions and ecological processes 
 
Legend: Assessment Framework (AF), Not Applicable (n.a.), ecosystem functions (EF), freshwater (FW), transitional waters (TW), coastal 
waters (CW) and marine waters (MW). Listed Processes are transversal to several EFs. See Annex tables for full EF classification. 
AF stage Ecosystem Functions (EF) hierarchical  ( non-hierarchical )
Levels Category (C )
Function category
Section (S) Division (D)
Ecosystem Function
Group (G)
Ecological Processes
Class (Cl)
Instructions n.a.
(a Process can be associated to several 
EF)
n.a.
1. Production 1.1. Primary production
1.2. Secondary production
n.a. - go to next level: 
Indicators and /or indices 
(I;i)2. Biogeochemical cycles 2.1. Hidrological cycling (O and H)
2.2. Carbon cycling (C)
2.3. Nitrogen cycling (N)
2.4. Phosphorus cycling (P)
2.5. Sulfur cycling (S)
2.6. other element cycling
2.7. Nutrient retention
2.8. Carbon sequestration
n.a. - go to next level: 
Indicators and /or indices 
(I;i)
3. Structural (Directly mediated by 
ecosystem structural components - 
Mechanically & Physically structuring)
3.1. Habitat provision
3.2. Nursery function
3.3. Breeding grounds
3.4. Feeding grounds
3.5. Refugia
3.6. Dispersal
3.7. Biological control
3.8. Decomposition 
(mechanical&chemical)
3.9. Filtration
3.10. Sediment stability & formation
n.a. - go to next level: 
Indicators and /or indices 
(I;i)
1.Bioturbation
2.Denitrification
3.Evapotranspiration
4.Grazing
5.Growth
6.Mineral weathering
7.Mobility
8.Mutualistic interactions
9.Nitrification
10.Nitrogen fixation
11.Nutrient uptake
12.Pellitization
13.Photosynthesis
14.Predator-prey interactions
15.Productivity
16.Respiration
17.Sediment food web dynamics
18.Shell formation
19.Structure building
20.Vegetation succession
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5.1.4 Ecosystem services classifications 
The concept of ecosystem services (ESS)10 has been evolving since the last century, even if the 
term ESS was not specifically employed. Ehrlich and Mooney published one of the first 
scientific publications referring to the term ESS in 1983 with a paper entitled: Extinction, 
Substitution, and Ecosystem Services. In 1997, Costanza and colleagues estimated The value 
of the world's Ecosystem Services and natural capital, publishing their results in Nature. The 
UN Secretary-General, Kofi Annan, called for the Millennium Ecosystem Assessment (MA) in 
2000 in his report to the UN General Assembly, We the Peoples: The Role of the United 
Nations in the 21st Century. The objective of the MA was to assess the consequences of 
ecosystem change for human well-being and to establish the scientific basis for actions 
needed to enhance the conservation and sustainable use of ecosystems and their 
contributions to human well-being (MA, 2005). In 2010, the global initiative The Economics 
of Ecosystems and Biodiversity (TEEB) emerged, focusing on “making nature’s values visible” 
and mainstreaming the values of BD and ESS into decision-making at all levels (TEEB, 2010). 
In 2013, the CICES working group published their final working report (CICES, version 4.3) 
(Haines-Young and Potschin, 2013). The proposed revised classification aimed to avoid 
double counting of ESS, namely between regulating and habitat or supporting services as 
foreseen in MA and TEEB, giving a special focus on those services which are underpinned by a 
connection to BD and the biological processes and functions of ecosystem. In the context of 
CICES’ final version, ESS are biologically mediated, although CICES acknowledges the abiotic 
outputs from ecosystems. In this sense, the report includes a separate but complementary 
typology of abiotic outputs to facilitate their assessment. However, as highlighted in the 
report from the System of Environmental-Economic Accounting experimental ecosystem 
accounting working group (United Nations et al., 2014), CICES provides a structure to classify 
the flow of “final” ESS, but fails to provide a structure to classify ecosystem assets, ecosystem 
processes, and to link this information to economic and other human activities. Nevertheless, 
this working group acknowledges that the development of CICES will benefit from testing and 
use in the compilation of estimates of ESS.  
At the EU level, in 2011, the EU Biodiversity Strategy to 2020 was publish, which aims to halt 
the loss of biodiversity and ESS in the EU and to help stop global biodiversity loss by 2020. 
This strategy also reflects the commitments taken by the EU in 2010, within the international 
Convention on Biological Diversity. In this context, the European Commission created a 
                                           
10 In the scope of AQUACROSS AF, ESS are the final outputs from ecosystems that are directly 
consumed, used (actively or passively) or enjoyed by people. In the context of CICES they are 
biologically mediated (human-environmental interactions are not always ESS, e.g. maritime traffic, 
tourism activities). This concept tries to bring together previous definitions. This definition has evolved 
from the early definition in the AQUACROSS Innovative Concept, p. 80, where it was defined as: “Those 
benefits humans get from ecosystems”, thus making it more inclusive. 
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working group to support EU Member States reporting under Action 5 of the EU Biodiversity 
Strategy to 2020 – Mapping and Assessment of ESS (MAES WG). The MAES WG adopted CICES, 
which is the EU reference classification. While in previous reports CICES (Potschin and Haines-
Young, 2011) included abiotic and biological mediated outputs as ESS, with a qualification 
specifying the level of dependency on BD, the final iteration of CICES (Haines-Young and 
Potschin, 2013) recommended that abiotic outputs are not considered as ESS with only those 
outputs reliant on living processes included. This focus on biologically-mediated services has 
been further emphasised through the adoption of the CICES classification system by the MAES 
WG, which, so far, only considers the biologically-mediated services for support of the EU 
Biodiversity Strategy,11 i.e. those services which are associated with and dependent on BD 
(Maes et al., 2014, 2016). 
As discussed in the AQUACROSS AF (Gómez et al., 2016b), despite this broad consensus in 
the current policy-relevant assessments of ESS, it is recognised that this definition of services 
(biologically-mediated) will not satisfy all, and that future assessments would benefit from 
being integrated, i.e. accounting for biological and abiotic outputs of ecosystems. There are 
important arguments supporting the inclusion of abiotic outputs of the ecosystem, as they 
can have implications for spatial planning, management and decision-making (e.g., 
Armstrong et al., 2012; Kandziora, Burkhard, and Müller, 2013; Sousa et al., 2016; Lillebø et 
al., 2016).  
Following the evolution of the ESS concept, the definition of ESS has also evolved over the last 
decades. Table 3 highlights relevant examples that were taken into account in the 
AQUACROSS AF to reach the definition of ESS in the context of AQUACROSS (Chapter 2.5 in 
Gómez et al., 2016b). 
In the scope of the AQUACROSS framework the final outputs include those resulting from 
mediated biological processes and/or from abiotic components of ecosystems, as illustrated 
in Table 4 to Table 6. The AQUACROSS definition of ESS encompasses more broadly the 
goods and services people get from the ecosystem, such as the abiotic outputs which are not 
affected by changes in the biotic aspects of ecosystem state (EEA 2015). It is, however, 
important to recall that Human environmental interactions are not always ESS, e.g. maritime 
traffic, tourism activities. These would be picked up as primary or secondary activities under 
the concepts described in Deliverable 4.1. 
 
                                           
11 Note: in CICES some of the regulating services provided by ecosystems acknowledges the 
combination of biotic and abiotic factors. 
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Table 3: Relevant examples of ESS definitions that were considered to reach the 
AQUACROSS definition of ESS 
Reference Definition of ESS 
Ehrlich & 
Mooney 1983 
Although a specific definition is not provided, authors refer to several ESS, e.g. 
(flood control, erosion prevention, filtration of atmospheric pollutants, supply of 
firewood and timber, climate-ameliorating services, public service functions of the 
systems, crops and pest control), and elaborate that: “The degree of alteration of 
services depends on the functional role(s) of the organisms that go extinct and on 
the pattern of extinctions (e.g., selective deletion from an ecosystem or destruction 
of most elements simultaneously)” 
Costanza et al., 
1997 
“the benefits human populations derive, directly or indirectly, from ecosystem 
functions” 
MA, 2005 “the benefits people obtain from ecosystems” 
TEEB, 2010 
“direct and indirect contributions of ecosystems to human well-being”; the concept 
of ecosystem ‘goods and services’ is synonymous to ESS 
Haines-Young 
and Potschin, 
2013 
(CICIES) 
“Final ecosystem services are the contributions that ecosystems make to human 
well-being. These services are final in that they are the outputs of ecosystems 
(whether natural, semi-natural or highly modified) that most directly affect the well-
being of people. A fundamental characteristic is that they retain a connection to the 
underlying ecosystem functions, processes and structures that generate them” 
Maes et al., 
2015, 2016 
(MAES WG) 
“the benefits people obtain from ecosystems” (MA); “direct and indirect contributions 
of ecosystems to human well-being” (TEEB); service flow refers to the ‘actually used 
service’,i.e., the ‘final’ services. The rationale for this division is to avoid the double 
counting of intermediate (or supporting) services in the valuation step of the 
process. 
AQUACROSS AF 
(Gómez et al., 
2016b: Chapter 
2.5) 
“the final outputs from ecosystems that are directly consumed, used (actively or 
passively) or enjoyed by people” 
 
As also discussed in the AQUACROSS AF, it is of paramount importance to consider ESS from 
the supply-side, considering the capacity of the ecosystem to supply services, and from the 
demand-side, including an economic perspective. As defined in Gómez et al. (2016b: Chapter 
2.5) the supply side is “the potential or capacity of the ecosystem to supply services, whether 
or not it is used”, whilst the demand side is “the services people ask from the ecosystems 
whether they are actually provided or not.” Moreover, a ‘supply-side’ assessment based on 
ecosystem capacity considers how the state of the ecosystem is affecting the generation of 
the actually used services (Burkhard et al., 2012) and the potential to provide more and better 
services for present and future generations.  
Ehrlich and Mooney discussed back in 1983 the links between extinctions of given elements 
of an ecosystem (populations, species, guilds) and the supply of ESS. These authors referred 
to the fact that extinctions in ecosystems occur continuously due to evolutionary and 
ecological processes. However, some of the human-driven extinctions have led to serious 
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impairment of ecosystem functioning and of the services delivered to humanity. The 
provisioning of services should reflect changes to the ecosystem state (e.g. Böhnke-Henrichs, 
et al. 2013; Haines-Young and Potschin, 2013). This means that to be considered a service, a 
change in state of the ecosystem must result in a change in the supply of a service. This is 
true for biologically-mediated services; for example, a change in abundance of commercial 
fish populations has an impact on the supply of seafood, or a change in the wetland heath 
status (e.g. fragmentation) has an impact on the supply of clean water. However, a change or 
a difference in the abiotic conditions can also lead to a change in the supply of abiotic 
services; for example, a change in sand natural deposits, including beaches, due to a high 
energy storm event has an impact on mining of sand for construction or industrial uses, or 
even an impact on recreational activities on the beach. The exploitation of abiotic outputs, in 
addition to the use of the ecosystem for economic activities (i.e., space for activities to 
occur), can have an impact on the state of the ecosystem and, thus, the potential supply of 
services (Lillebø et al., 2016), even if they are not affected themselves by the state of the 
biological components of the ecosystem. However, whilst the capacity of the ecosystem to 
supply services is tightly linked to the state of the ecosystem (BD and ecosystem processes 
and functions), the demand and actual use of services can be decoupled from the state of the 
ecosystem, as they are a clear outcome of social processes. Also, a change in ecosystem state 
and BD can lead to a change in the supply of services but not in the demand of services. 
Moreover, the detrimental impacts of the use of services can, in turn, lead to a change in 
ecosystem state and BD and to a change in the supply of services. To build realistic scenarios 
for conservation and management purposes considering social-economic drivers, it is 
necessary to account for all services, namely the biologically-mediated ESS and the abiotic 
outputs (for more detailed information on Drivers and Pressures, see Deliverable 4.1). 
In AQUACROSS, we aim to promote comprehensive assessments of the ESS and the benefits 
people get from nature, as much as they help with the understanding of complex systems for 
the identification and evaluation of appropriate responses (following the EBM concept). In this 
sense, partial ESS assessments may still be appropriate depending, for example, on 
objectives, scale or feasibility. Thus, to support different needs, we include both the services 
dependent on BD as well as those reliant on purely physical aspects of the ecosystem. Apart 
from the operational definition of ESS within AQUACROSS, it is also important to know how 
the concept relates to the ecosystem components, namely to its functions and processes. The 
work to be developed and tested within AQUACROSS WP5 will account for ESS and for the 
abiotic outputs from ecosystems combined with EFs and ecological processes. Table 4 to 
Table 6 illustrate some examples, meaning that lessons learnt from this application may lead 
to an adaptation of the AQUACROSS AF and/or the overall concepts of AQUACROSS.  
The ESS classifications presented in Table 4 to Table 6 also include examples of ecosystem 
functions/ecological processes and abiotic functions/abiotic processes illustrating how to 
link this ESS classification to the EF classification proposed in the previous section. 
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Table 4: ESS and examples of EF and ecological processes, considering both biotic 
and abiotic dimensions, for the CICES Provisioning category  
Ecosystem services   Abiotic outputs from 
ecosystems 
Provisioning   Abiotic Provisioning 
D
iv
is
io
n
 Group 
(includes the respective 
classes) 
Ecosystem functions  
Ecological processes 
Abiotic functions 
Abiotic processes 
Group D
iv
is
io
n
 
N
u
tr
it
io
n
a
l 
Biomass 
Wild plants and fauna; plants 
and animals from in situ 
aquaculture 
Production 
Primary production; 
Secondary production 
Photosynthesis; 
Respiration; Growth 
Production 
Evaporation; 
Crystallization 
Mineral 
Marine salt 
N
u
tritio
n
a
l a
b
io
tic
 s
u
b
s
ta
n
c
e
s
 
Water 
Surface or groundwater for 
drinking purposes 
Structural  
(Directly mediated by 
ecosystem structural 
components) 
Feeding grounds 
Structural  
(Directly mediated by 
the sun structural 
components) 
Energy processes that 
makes the sun shine 
Non-mineral 
Sunlight 
M
a
te
ri
a
ls
 
Biomass 
Fibres and other materials 
from all biota for direct use or 
processing; genetic materials 
(DNA) from all biota 
Production 
Primary production; 
Secondary production 
Growth 
Production 
Geochemical 
processes 
Metallic 
Poly-metallic nodules; 
Cobalt-Rich crusts, 
Polymetallic massive 
sulphides 
A
b
io
tic
 m
a
te
ria
ls
 
Water 
Surface or groundwater for 
non-drinking purposes 
Structural  
(Directly mediated by 
ecosystem structural 
components) 
Feeding grounds 
Structural  
(Directly mediated by 
the earth structural 
components) 
Geochemical 
processes 
Non-metallic 
Sand/gravel 
E
n
e
rg
y
 
Biomass 
Plants and fauna 
Structural 
(Directly mediated by 
ecosystem structural 
components) 
Productivity 
Structural  
(Directly mediated by 
the earth structural 
components) 
Atmospheric and 
Ocean processes 
Renewable abiotic 
energy sources 
Wind and wave energy 
E
n
e
rg
y
 Structural  
(Directly mediated by 
the earth structural 
components) 
Geochemical 
processes 
Non-renewable abiotic 
energy sources 
Oil and gas 
Source: adapted from Haines-Young and Potschin, 2013 
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Table 5: ESS, EF and ecological processes considering both biotic and abiotic dimensions, 
for the CICES Regulating and maintenance category  
Ecosystem services   Abiotic outputs from 
ecosystems 
Regulating and maintenance   Regulating and 
maintenance by abiotic 
structures 
D
iv
is
io
n
 Group 
(includes the 
respective classes) 
Ecosystem functions 
ecological processes 
Abiotic functions 
Processes 
Group D
iv
is
io
n
 
M
e
d
ia
ti
o
n
 o
f 
w
a
s
te
, 
to
x
ic
s
 a
n
d
 o
th
e
r 
n
u
is
a
n
c
e
s
 
Mediation by biota Structural  
(Directly mediated by ecosystem 
structural components) 
Decomposition  
Bio-physicochemical filtration/ 
sequestration/ storage/ 
accumulation of pollutants by 
biota and/or ecosystems; 
Mineralization processes; 
Biogeochemical cycles 
Adsorption and binding of metals 
and organic compounds in 
ecosystems, as a result of 
combination of biotic and abiotic 
processes 
Structural  
(Directly mediated by ecosystem 
physical structural components) 
Screening by natural physical 
structures  
Atmospheric dispersion and 
dilution; Adsorption and 
sequestration of waters in 
sediments. 
Geochemical cycles 
Adsorption and binding of metals 
and organic compounds in 
ecosystems, as a result of abiotic 
processes 
By natural 
chemical and 
physical 
processes  
M
e
d
ia
tio
n
 o
f w
a
s
te
, to
x
ic
s
 a
n
d
 o
th
e
r 
n
u
is
a
n
c
e
s
 
Mediation by 
ecosystems 
Combination of 
biotic and abiotic 
factors 
M
e
d
ia
ti
o
n
 o
f 
fl
o
w
s
 
Mass flows Structural  
(Directly mediated by ecosystem 
structural components) 
Physical protection by vegetation 
(floods, wind and water erosion); 
Evapotranspiration; soil 
formation 
Biogeochemical cycles 
Nitrogen uptake; Denitrification; 
Carbon sequestration  
Structural  
(Directly mediated by ecosystem 
physical structural components) 
Protection by sand and mud flats; 
topographic control by dunes and 
cliffs of wind erosion; 
Global cycles 
Adsorption/desorption 
processes; sedimentation; 
Diffusion; Precipitation 
By solid (mass), 
liquid and 
gaseous (air) 
flows 
M
e
d
ia
tio
n
 o
f flo
w
s
 b
y
 
n
a
tu
ra
l a
b
io
tic
 s
tru
c
tu
re
s
 
Liquid flows 
Gaseous/air flows 
M
a
in
te
n
a
n
c
e
 o
f 
p
h
y
s
ic
a
l,
 c
h
e
m
ic
a
l,
 
b
io
lo
g
ic
a
l 
c
o
n
d
it
io
n
s
 
Lifecycle 
maintenance, 
habitat and gene 
pool protection 
Structural  
Habitat provision; Nursery 
function; Breeding grounds; 
Feeding grounds; Refugia; 
Dispersal; Biological control; 
Filtration; Sediment stability & 
formation 
Predator-prey interactions; 
Grazing; Structure building;  
Biogeochemical cycles 
Mediation of geochemical cycles 
processes; Mediation of 
hydrological cycle processes; 
Mediation of atmospheric 
composition processes 
Structural  
(Directly mediated by ecosystem 
physical structural components) 
Structure building 
Global cycles 
Global geochemical processes, 
atmospheric and Oceans 
circulation; Hydrological cycle;  
By natural 
chemical and 
physical 
processes 
M
a
in
te
n
a
n
c
e
 o
f p
h
y
s
ic
a
l, c
h
e
m
ic
a
l, a
b
io
tic
 
c
o
n
d
itio
n
s
 
Pest control 
Soil formation and 
composition 
Water conditions 
Atmospheric 
composition and 
climate regulation 
Source: adapted from Haines-Young and Potschin, 2013 
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Table 6: Ecosystem services, ecosystem functions and ecological processes 
considering both biotic and abiotic dimensions, for the CICES Cultural category  
Ecosystem services   Abiotic outputs from ecosystems 
Cultural   Cultural settings dependent on aquatic 
abiotic structures 
D
iv
is
io
n
 Group 
(includes the respective 
classes) 
Ecosystem 
functions 
ecological 
processes 
Abiotic 
functions 
processes 
Group D
iv
is
io
n
 
P
h
y
s
ic
a
l 
a
n
d
 i
n
te
ll
e
c
tu
a
l 
in
te
ra
c
ti
o
n
s
 w
it
h
 b
io
ta
, 
e
c
o
s
y
s
te
m
s
, 
a
n
d
 s
e
a
s
c
a
p
e
s
 [
e
n
v
ir
o
n
m
e
n
ta
l 
s
e
tt
in
g
s
] 
Physical and experiential 
interactions 
Structural  
(Directly 
mediated by 
ecosystem 
structural 
components) 
Human 
perception 
processes of 
Physical and 
intellectual 
interactions 
with 
environmental 
settings 
Structural  
(Directly 
mediated by 
ecosystem 
physical 
structural 
components) 
Human 
perception 
processes of 
Physical and 
intellectual 
interactions 
with physical 
settings 
Physical and experiential 
interactions 
P
h
y
s
ic
a
l a
n
d
 in
te
lle
c
tu
a
l in
te
ra
c
tio
n
s
 w
ith
 la
n
d
-
/
s
e
a
s
c
a
p
e
s
 [p
h
y
s
ic
a
l s
e
ttin
g
s
] 
Experiential use of biota and 
seascapes; physical use of 
seascapes in different 
environmental settings 
Experiential use of 
seascapes; physical use of 
seascapes in different 
physical settings 
By physical and experiential 
interactions or intellectual and 
representational interactions 
By physical and experiential 
interactions or intellectual 
and representational 
interactions 
Intellectual and 
representational interactions 
Scientific; education, heritage; 
aesthetic; entertainment 
Intellectual and 
representational interactions 
Scientific; education, 
heritage; aesthetic; 
entertainment 
S
p
ir
it
u
a
l,
 s
y
m
b
o
li
c
 a
n
d
 o
th
e
r 
in
te
ra
c
ti
o
n
s
 w
it
h
 b
io
ta
, 
e
c
o
s
y
s
te
m
s
, 
a
n
d
 s
e
a
s
c
a
p
e
s
 [
e
n
v
ir
o
n
m
e
n
ta
l 
s
e
tt
in
g
s
] 
Spiritual and/or emblematic 
Symbolic; sacred and/or 
religious 
Structural  
(Directly 
mediated by 
ecosystem 
structural 
components) 
Human 
perception 
processes of 
natural 
ecosystem 
components 
Structural  
(Directly 
mediated by 
ecosystem 
physical 
structural 
components) 
Human 
perception 
processes of 
natural 
physical 
structures  
Spiritual and/or emblematic 
Symbolic; sacred and/or 
religious 
S
p
iritu
a
l, s
y
m
b
o
lic
 a
n
d
 o
th
e
r 
in
te
ra
c
tio
n
s
 w
ith
 la
n
d
-
/
s
e
a
s
c
a
p
e
s
 
[p
h
y
s
ic
a
l s
e
ttin
g
s
] 
Other cultural outputs 
Existence; bequest 
Other cultural outputs 
Existence; bequest 
Source: adapted from Haines-Young and Potschin, 2013 
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Identification of relevant indicators and associated metrics 
As presented in the previous tables, the indicators and metrics were categorised using the EU 
MAES ESS categories (Maes et al., 2014), which build on latest version (V4.3) of CICES 
(Haines-Young and Potschin, 2013; Maes et al., 2014, 2016): 1. Provisioning, 2. Regulating & 
Maintenance and 3. Cultural. This will ensure comparability with the approaches being 
followed by EU Member States. 
An initial list of ESS indicators was obtained from the comprehensive review elaborated by 
Egoh et al. (2012) and complemented with the recent list of MAES indicators for ESS (Maes et 
al., 2014, 2016), and with Hattam et al. (2015) specific indicators for the marine 
environment. Also, to accommodate the inclusion of abiotic outputs, potential indicators will 
be identified and added to the lists. The selection of specific ESS indicators for applying the 
AQUACROSS AF (Gómez et al., 2016b), will be driven by the case studies context and needs. 
Lessons learnt from this application of indicators to the AQUACROSS case studies may lead to 
an adaptation of the AQUACROSS AF and/or the overall concepts of AQUACROSS. 
5.2 Flows from Drivers and Pressures to 
Ecosystem State, Functions and Services 
Under Deliverable 4.1 of AQUACROSS, the demand-side perspective on how use of ecosystem 
goods and services affects the ecosystem is covered in detail, but it is important to elaborate 
on this in terms of how the flows from social processes through drivers and their pressures 
to ecosystem state (see Figure 4) might then have causal links to changes in functions and 
supply of ESS. In other words, how might the effects of drivers on ecosystem state shown on 
the far right of Figure 4 below, lead to possible changes in the capacity to supply ESS? 
Figure 4: Example of a single impact chain from a social process to its subsequent 
changes in ecosystem state 
 
Legend: Drivers are the demand for the supply of ESS, resulting from social processes, such as 
economic growth, and the production of final goods and services, which require ESS from nature. 
Primary activities are directly involved in the exploitation of ESS and thus can directly cause pressures 
on ecosystem state. Ecosystem state (highlighted in blue here) then links through to the supply-side 
perspective on implications for supply of ESS, which is the focus of this broader report. For more 
information, see Deliverable 4.1. Source: Own Illustration   
Social 
processes  
Economic 
growth leading 
to demand for 
building 
materials 
Production of 
final goods 
and services 
Construction  
Driver 
Actual 
demand of 
nature 
provided 
building 
material 
Primary 
Activity 
Sand & 
Aggregate 
extraction 
Pressure 
Abrasion of 
seafloor 
Ecosystem 
State 
Components, 
biodiversity, 
functions, 
processes 
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As described earlier in Section 5.1, there are many different potential classifications and 
indicators that can be selected to illustrate the state, and change in state, of BD, EF and ESS; 
likewise, under Deliverable 4.1, classifications and indicators have been described for 
activities associated with key drivers influencing aquatic ecosystems, and for the pressures 
they cause. In Table 7 below, the summarised classifications of broad activities and pressures 
taken from D4.1 have been added to those covered in more detail in Section 5.1 of this 
report. Considering these classifications and lists of possible indicators helps to establish the 
overall SES in which we may be considering evaluation of particular issues, and this can be 
formalised in a set of linkage matrices that describe the possible network of interactions 
relevant to a given study system (see Section 3.3 of Deliverable 4.1). As indicated in Table 7, 
the ecosystem state/biodiversity components form the common link between the demand-
side (WP4) and the supply-side (WP5) perspectives, by linking upstream to a classification of 
drivers and pressures and downstream to those of ecosystem functions and services. 
Following Table 7 below, we go on to explore how the choice of indicators of BD–EF-ESS 
should be influenced by consideration of both how the pressure effect on ecosystem state is 
measured, and how any contributions to capacity to supply linked ecosystem services are 
measured. 
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Table 7: Combined broad classifications of activity types and pressures, ecosystem state/biodiversity, ecosystem functions and 
ecosystem services  
AF  
stage 
Level 
Broad Activity 
Type 
Pressure 
Categories 
Ecosystem State / 
Biodiversity 
Ecosystem Functions  
Ecosystem Services 
**following CICES/MAES Deliverable 
4.1 
 1 Agriculture & 
Forestry 
2 Aquaculture 
3 Fishing 
4 Environmental 
Management 
    Manufacturing 
5 Waste 
Management 
6 Residential & 
Commercial 
Development 
7 Services 
8 Mining, 
extraction of 
materials 
9 Non-renewable 
energy 
10 Renewable 
energy 
11 Tourism, 
recreation & 
non-
commercial 
harvesting 
1 Biological 
Disturbance 
2 Chemical 
change, 
chemical & 
other 
pollutants 
3 Physical 
change 
4 Energy 
5 Exogenou/ 
Unmanaged 
ECOSYSTEM STATE* 
1 Indicator Species 
2  Target Groups 
3  Physiological 
Condition 
4  Population 
Ecology 
5  Community 
Structure 
6  Life Traits 
7  Foodweb 
8  Thermo-
dinamically 
Oriented 
9  Biotope Features 
 
BIODIVERSITY 
1 genetic diversity 
2 structural diversity 
3 functional diversity 
 
 
*(definitions in 
Teixeira et al. 2016) 
 
1 Bioturbation 
2 Denitrification 
3 Evapotranspiration 
4 Grazing 
5  Growth 
6 Mineral weathering 
7 Mobility 
8 Mutualistic 
interactions 
9 Nitrification 
10  Nitrogen fixation 
11  Nutrient uptake 
12  Pellitization 
13  Photosynthesis 
14  Predator-prey 
interactions 
15  Productivity 
16  Respiration 
17  Sediment 
foodweb 
dynamics 
18 Shell formation 
19 Structure building 
20 Vegetation 
succession 
1. Production 
1.1 Primary 
production 
1.2 Secondary 
production 
 
2.Biogeochemical 
Cycles 
2.1 Hidrological 
cycling (O and H) 
2.2 Carbon cycling 
(C) 
2.3 Nitrogen cycling 
(N) 
2.4 Phosphorus 
cycling (P) 
2.5 Sulfur cycling (S) 
2.6 Other element 
cycling 
2.7 Nutrient 
retention 
2.8 Carbon 
sequestration 
A. Abiotic 
B. Biotic 
 
(for 
details on 
abiotic 
ESS see 
section 
5.1.4) 
1 Cultural 1.1 Physical 
and 
intellectual 
interactions 
with biota, 
ecosystems, 
and land-
/seascapes 
[environ-
mental 
settings] 
1.2 Spiritual, 
symbolic and 
other 
interactions 
with biota, 
ecosystems, 
and land-
/seascapes 
[environ-
mental 
settings] 
1.1.1 Intellectual 
and 
representative 
interactions 
1.1.2 Physical and 
experiential 
interactions 
1.2.1 Other cultural 
outputs 
1.2.2 Spiritual 
and/or 
emblematic 
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       2Provisioning 2.1 Energy 
2.2 Materials 
2.3 Nutrition 
2.1.1 Biomass-
based energy 
sources 
2.1.2 Mechanical 
energy 
2.2.1 Biomass 
2.2.2 Water 
2.3.1 Biomass 
2.3.2 Water 
       3. Structural (Directly 
mediated by 
ecosystem structural 
components 
3.1 Habitat provision 
3.2 Nursery function 
3.3 Breeding 
grounds 
3.4 Feeding grounds 
3.5 Refugia 
3.6 Dispersal 
3.7 Biological control 
3.8 Decomposition 
mechanical & 
chemical 
3.9 Filtration 
3.10 Sediment 
stability & 
formation 
 3Regulating 3.1 Main-
tenance of 
physical, 
chemical, 
biological 
conditions 
3.2 Mediation 
of flows 
3.3 Mediation 
of waste, 
toxics and 
other 
nuisances 
3.1.1 Atmospheric 
composition & 
climate 
regulation 
3.1.2 Lifecycle 
maintenance, 
habitat & gene 
pool protection 
3.1.3 Pest &disease 
control 
3.1.4 Soil formation 
& composition 
3.1.5 Water 
conditions 
3.2.1 Gaseous/air 
flows 
3.2.2 Liquid flows 
3.2.3 Mass flows 
3.3.1 Mediation by 
biota 
3.3.2 Mediation by 
ecosystems 
Note: In each case, more detailed lists are given in either Deliverable 4.1 (for WP4 classifications) and Tables 1,2 and 4,5,6 of this report (for WP5 
classifications) (Broad Activity Types which can directly cause pressure in the ecosystem). 
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5.2.1 Linking the demand side to the supply side through 
ecosystem state metrics 
The effects of pressures on the ecosystem have been explored both through field-based 
observations and experimental manipulations (see detail under Deliverable 4.1). These 
studies tend to inform us about the effects at the species or, sometimes, the process level. 
We need to understand how, or if, these changes will lead to any change in the capacity of the 
ecosystem to supply services. Here we consider how an understanding of the way in which 
pressures interact with the state of the ecosystem can affect options for evaluating the 
change in supply of ESS. In many cases, the metrics used to describe how pressures change 
ecosystem state may not, themselves, be the appropriate metrics to describe how the 
ecosystem contributes to the supply of services.  
For example, most studies on the effects of abrasion pressure from trawling activity describe 
the effects in terms of changes in abundance or sometimes biomass of benthic invertebrate 
species (Kaiser et al., 2006) or aquatic submerged vegetation (Costa and Netto, 2014). In 
order to consider how these changes might lead to an effect on supply of ESS, we need to 
know more than this. Firstly, we need to know which services are at least, to some extent, 
underpinned by the functions and processes of the effected communities (benthic fauna and 
flora here), and, secondly, in what way do these communities supply those services, and do 
measurements of abundance and/or biomass capture this? To continue the example above, 
in order to consider the effect of abrasion on the capacity to supply the service Mediation of 
waste, toxics and other nuisances (see Table 5, Section 5.1.4), not only would we need to 
know about abundance and/or biomass, but we would also need to know how the different 
components of the benthic ecosystem can be described in terms of their role in supplying 
this regulating and maintenance service. This could be through consideration of biological 
traits that are associated with Mediation of waste, toxics and other nuisances e.g. the role of 
different fauna species in bioturbation or the role of seagrasses in phytoremediation (Figure 
5a). 
As such, pressures can have multiple effects and act on structures, processes and functions 
that support ESS, but they might also support abiotic outputs from the ecosystem. In this 
way, pressures can have direct and indirect effects on service provision, but also on the 
abiotic outputs from ecosystems (check ESS definition in the scope of AQUACROSS in Table 
3). For example, comparable abiotic outputs from the ecosystem that might be affected by 
fishing trawling activity would be the regulating and maintenance services, specifically the 
mediation of waste, toxics and other nuisances, by natural chemical and physical processes 
taking place in the seafloor. Similarly, fishing causes abrasion of the seafloor, affecting in this 
way the seafloor structural components. This might have implications on the adsorption and 
binding of metals and organic compounds in seafloor, underpinned by abiotic processes, and 
therefore on the mediation of waste, toxics and other nuisances. A relevant example would 
be the exposure of anoxic layers to oxygen rich seawater and consequent changes in the 
redox potential, which will change the seafloor geochemistry (Figure 5b).  
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Figure 5: Fishing causes abrasion of the seafloor structural components, both biotic 
and abiotic 
 
(a) Biotic 
 
(b) Abiotic 
Legend: (a) Biotic: abrasion can affect e.g. the seagrasses and the benthic invertebrate species that live 
there, as well as the seagrass community, and is often assessed by measuring the effect on abundance 
and/or biomass of the species and the percentage of coverage and/or fragmentation (the pressure 
effect metric shown in the ecosystem state box highlighted in blue above). Benthic species, including 
seagrasses, contribute to the ESS remediation of wastes. However, in order to evaluate the effect of 
fishing abrasion on this capacity to supply this ESS, we would also need to know something about the 
bioturbation and feeding modes of benthic species in the communities affected (how they contribute to 
functioning that is relevant to supplying this ESS; the ESS contribution metric in the ecosystem state box 
above). (b) Abiotic: abrasion can also affect the sediment stability and redox potential equilibrium, and 
therefore the sediment profile oxic state. Sediment contributes to the ESS remediation of wastes, 
through, for example, its binding capacity for metals. However, in order to evaluate the effect of fishing 
abrasion on the capacity to supply this ESS, we would also need to know the sediment adsorption-
desortion capacity for metals (how it contributes to function that is relevant to supplying this ESS; an 
example of the ESS contribution metric is given in the ecosystem state box above). 
Taking another example, the assessment of nutrient enrichment in the aquatic environment 
is frequently assessed through measuring the chlorophyll a concentration of the water as an 
indication of the productivity of phytoplankton as a response to nutrient enrichment. Nutrient 
enrichment can also cause changes in species diversity and relative abundances of taxa in 
phytoplankton communities and the contribution of a change in relative composition, species 
diversity and overall productivity of the phytoplankton may then in turn have consequences 
for the capacity to supply certain ecosystem services, namely fish production and water for 
recreational purposes (O’Higgins and Gilbert, 2014), as illustrated in Figure 6. Dependent on 
the ESS, we may need to know different things about ecosystem state in order to evaluate if 
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the capacity to supply the service being considered has in some way been affected by the 
pressure acting on the system (Figure 7). However, where there is only information available 
on how nutrient enrichment affects chlorophyll a concentrations for a given study system, 
there are then a number of assumptions that would need to be made in order to try to 
evaluate whether this would mean anything in terms of those metrics relevant to the supply 
of linked ESS. 
Figure 6: Idealised trajectories for monetised recreational amenity value, carbon 
production/burial value and fish production value with changing nutrient load 
 
Legend: amenity value (blue), carbon production/burial value (green) and fish production value (red). 
The curved black line indicates remediation cost; the dashed black line indicates a theoretical optimal 
solution. Source: O’Higgins and Gilbert, 2014 
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Figure 7: Agriculture releases nutrients through diffuse run-off into aquatic systems 
causing nutrient enrichment, which can affect phytoplankton communities in the 
water column 
(a)  
(b)  
Legend: The effects are often assessed by measuring the chlorophyll a concentration of the water, 
which is taken as a proxy for phytoplankton productivity. Meanwhile, phytoplankton species contribute 
to a number of ESS, including (a) genetic materials and (b) climate regulation. However, in order to 
assess whether nutrient enrichment from agriculture could affect the capacity of the ecosystem to 
supply either of these ESS, we would also need to know something about the species or genetic 
diversity of the phytoplankton communities (a) and any change in relative composition of functionally 
relevant groups (b). 
5.2.2 Summary  
Understanding which part of the ecosystem (which ecosystem state components) is impacted 
by pressures can help lead to an understanding of how the ecosystem’s capacity to supply 
ESS may be impacted, but the way a pressure affects ecosystem state and the way that this is 
measured, may not align with what needs to be known to assess the ecosystem’s capacity to 
supply a service. Accordingly, it will be necessary to consider both the relevant metrics that 
describe the pressure effect on ecosystem state and those that describe how the ecosystem 
contributes to supply ESS in setting out to select relevant indicators to evaluate in the case 
study systems. Furthermore, linkage matrices that highlight all possible relational links 
between pressures and ecosystem state components, and state components with EFs and ESS, 
will help to provide a framework for exploring analyses across the whole SES (see further 
details in Deliverable 4.1). In the case studies, matrices will be developed under Task 4.2 to 
highlight linkages between drivers and pressures with different aspects of ecosystem state in 
the study systems. We recommend that under linked work through Task 5.2, the possible 
links out from the ecosystem state characteristics to EFs and ESS are also added to help 
provide a consistent framework in which analyses going forward can be explored. 
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6 Numerical Approaches to 
Analyse Causal Links 
Ecological and biological systems dynamics are often governed by nonlinear interactions of 
environmental factors. Interactions between environmental variables can be so complex that 
the whole system achieves a broader functionality that cannot be deduced by considering 
individual environmental factors (Tan et al., 2006). Thus, analysis of these complex 
relationships requires the use of models and statistical tools capable of dealing with large 
datasets of environmental and biological variables. 
Among the multitude of mathematical tools and approaches available, four of them can be 
used to assess causal links and environmental flows in case studies: discriminant analysis, 
generalised dissimilarity models, generalised diversity-interactions models, and tools 
integrating Bayesian approaches like ARIES. 
The ordination and classification methods presented below can be applied in the case studies 
to better characterise and understand the flows between BD-EF-ESS. The outlined 
methodology is not exhaustive, instead it aims to illustrate some suitable approaches that 
can be used. The choice of methodology will ultimately depend on the objective of the study, 
and on the amount and quality of the available data. 
6.1 Discriminant Analysis – DA 
Discrimination methods include both classification (“predictive discriminant analysis”) and 
separatory approaches (“descriptive discriminant analysis”) with the linear combinations of 
descriptive discrimination known as linear discriminant functions or, more formally, canonical 
variates. Though predictive and separatory discrimination methods differ theoretically and 
operationally, they are nonetheless closely related (Williams, 1983).  
Discriminant Analysis (DA) also known as Canonical Variate Analysis or Linear Discriminant 
Analysis is a multivariate approach to pattern recognition and interpretation that has been 
used extensively in ecological investigations, e.g. fish distributions (Olden and Jackson, 
2002), freshwater habitat selection (Joy and Death, 2003), temporal patterns linked with 
physico-chemistry and the biology in aquatic systems (Fabrègue et al., 2014) and linking 
trophic guild with functional traits (Albouy et al., 2011).  
DA is generally appropriate in problems with aggregated multivariate data, and has been 
applied by ecologists in areas as diverse as geographical ecology, social behaviour, niche 
structure, and organism morphology and physiology. This technique allows the classification 
of sites into classes or clusters using data from species composition and how it differs 
among sites of different classes. The abundance of several species may be combined to make 
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the differences between classes clearer than is possible on the basis of the abundance values 
of a single species. However, the use of DA only makes sense if the number of sites is much 
greater than the number of species and the number of classes (Schaafsma and Vark, 1979). 
Thus, many ecological data sets cannot be analysed by DA without dropping many species.  
Data for DA typically consist of observations for which there is a grouping index (e.g., habitat 
type, geographic characteristics) and an associated vector of measurements (species 
abundance, habitat structural characteristics). One objective of the analysis is to predict the 
group to which an observation belongs, based on its measurement values, from which 
predictive equations that are called discriminant functions can be derived. Such a formulation 
is called predictive DA. Alternatively, the objective may be to exhibit optimal 'separation' of 
groups, based on certain linear functions resulting from linear transforms of the 
measurement variables that are called canonical variates. This latter approach is called 
descriptive discriminant analysis. Both descriptive and predictive methods have been used in 
ecological studies, though most have had a descriptive orientation (Williams, 1983). 
Predictive discrimination involves the classification of observations by means of the measured 
values x, thus it might be of interest to determine which of several congeneric species is 
most likely to utilize a given plot within some heterogeneous habitat. Habitat features 
measured on the plot can be used to predict species utilisation in an optimal manner. 
Though the most active areas of statistical research in DA have traditionally concerned 
predictive evaluations, in ecology, most applications have taken a descriptive approach. 
Ecologists are generally interested in the parameters that separate populations, on the 
assumption that the operation of natural selection will be reflected in among-group 
differences of these parameters. It is felt that with sufficient biological insight the associated 
mathematical constructs can be given an ecological interpretation. In practice, this leads to 
an emphasis on the canonical variates, which are interpreted by means of the signs and 
magnitudes of their loadings (Williams, 1983). Nevertheless, a predictive approach based on 
the derivation of discriminant functions may be more suitable to address biodiversity related 
links. A detailed presentation of a stepwise approach to the use of discrimination functions in 
ecology can be found in Guisan and Zimmermann (2000). 
To interpret the ordination axes, one can use the canonical coefficients and the intraset 
correlations. The canonical coefficients define the ordination axes as linear combinations of 
the environmental variables and the intraset correlations are the correlation coefficients 
between the environmental variables and these ordination axes. 
The canonical coefficients give the same information as the intraset correlations, if the 
environmental variables are mutually uncorrelated, but may provide rather different 
information if the environmental variables are correlated among one another, as they usually 
are in field data. When the environmental variables are strongly correlated with one another, 
the effects of different environmental variables on the species composition cannot be singled 
out and, consequently, the canonical coefficients will be unstable (Williams, 1983). 
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The results of DA are affected by non-linear transformations of the species data, but not by 
linear transformations, although the later can be considered if there is some reason to do so 
(Jongman, Ter Braak, and van Tongeren, 1995). 
Several tools are available to perform DA, e.g. the lda() function from the MASS package in R, 
the DiscriMiner R package hosts a range of functions for discriminant analyses, and the 
generic predict() function can be used to classify unknown objects into the classes of an 
Linear Discriminant Analysis R object. Several commercial statistical packages like CANOCO, 
SPSS, MINITAB, among others, also include tools to perform DA. 
6.2 Generalised Dissimilarity Modelling  
Generalised Dissimilarity Models (GDM) are statistical techniques for analysing and predicting 
spatial patterns of turnover in community composition (beta diversity) across large regions 
(Ferrier et al., 2007). The approach extends matrix regression to accommodate two types of 
nonlinearity commonly encountered in large-scaled ecological data sets: (1) the curvilinear 
relationship between increasing ecological distance, and observed compositional 
dissimilarity, between sites; and (2) the variation in the rate of compositional turnover at 
different positions along environmental gradients. Thus, GDM addresses the spatial variation 
in biodiversity between pairs of geographical locations to make predictions (in both space 
and time) and map biological patterns by transforming environmental predictor variables 
(Overton, Barker, and Price, 2009).  
GDM can also be adapted to accommodate special types of biological and environmental data 
including, for example, information on phylogenetic relationships between species and 
information on barriers to dispersal between geographical locations. This modelling approach 
can be applied to a wide range of assessment activities including visualisation of spatial 
patterns in community composition, constrained environmental classification, distributional 
modelling of species or community types, survey gap analysis, conservation assessment, and 
climate-change impact assessment.  
GDM software calculates the Bray–Curtis dissimilarities in species composition between 
sampled sites (in paired combinations of i and j), and then derives monotonically increasing 
functions for each of p environmental factors using a Generalised Linear Model and an 
exponential link function (Ferrier et al., 2007). 
GDM software estimates the dissimilarities between other geographic locations based on 
their environmental conditions, and uses multidimensional scaling techniques to classify the 
study area into landscapes that were relatively homogeneous in environmental conditions and 
species composition (Ferrier et al., 2007). BIOCLIM predictors (Hijmans et al., 2005) that can 
be used as environmental predictors to generate GDM models are available at 
http://www.worldclim.org/. GDM software automatically removes environmental factors that 
do not significantly affect the turnover in species composition.  
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GDM software for the R statistical software environment developed by Irisson, mormede, and 
Raymond (2014) can be downloaded from https://github.com/jiho/atlasr and similar 
software developed by Fitzpatrick et al. (2013) can be downloaded from 
http://datadryad.org/resource/doi:10.5061/dryad.81p60 (official version) and 
https://github.com/fitzLab-AL/GDM (development version). 
6.3 Generalised Diversity-Interactions Modelling  
Two decades of experimental work has led to various approaches to the analysis of the 
relationship between biodiversity and ecosystem function (BEF) in experimental systems 
(Connolly et al., 2013). Researchers have tried to capture the shape of the function of 
richness (linear, log, square root, etc) that best describes the effect of species loss on 
community function (Cardinale, Srivastava, et al., 2009; Schmid, Pfisterer, and Balvanera, 
2009; Cardinale, 2011). The best fitting relationship is then used to estimate the effects of 
species loss and the rate of deceleration of the response as richness increases. Usually, it is 
accepted that the BEF relationship with richness must have an upper bound, i.e. it saturates 
(Hooper et al., 2005). Connolly et al. (2013) recognise that while a saturating relationship is 
more appropriate for theoretical and physical reasons, many transformations of richness 
used to produce a linear BEF relationship give a decelerating but not saturating mathematical 
relationship.  
Generalised Diversity-Interactions Models (GDIM), as proposed by Connolly et al. (2013), aim 
at unifying existing approaches to BEF relationship by providing a common framework within 
which to explore the effects of environment, space and time on ecosystem properties. The 
unification of several approaches within a single model is probably the most important 
outcome of their work. GDIM models follow the general equation when we consider an 
interaction between a pair of species i and j (Connolly et al., 2013): 
                     
 
 
   
  
 
   
 
y is the functional response, s is the species pool, βi is the contribution of species of order i 
to the ecosystem function, Pi and Pj are the proportion of species i and j respectively, δij is the 
potential of species i and j to interact, δijPiPj is the contribution of the interaction of species i 
and j to the functional response, ε is a measure of error, and θ is the index that shapes the 
relationship. Effects of changing factors can be assessed by comparing values of interaction 
coefficients and θ according to the principles outlined by Connolly et al. (2013).  
A major limitation to apply this approach in the frame of AQUACROSS case studies is linked 
with the fact that, to the best of our knowledge, there are no public routines or 
computational tools available to apply the framework outlined by Connolly et al. (2013). 
Furthermore, most of the variables within this model remain unknown to different case 
studies in AQUACROSS. 
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6.4 Integrated Ecosystem Services modelling 
approach - ARIES 
The integrated ESS modelling methodology named ARIES (ARtificial Intelligence for Ecosystem 
Services), aims at improving conceptual detail and representation of ESS dynamics, in support 
of more accurate decision-making in diverse application contexts (Villa et al., 2014). By using 
computer learning and reasoning, model structure may be specialised for each application 
context without requiring costly expertise. For these reasons, ARIES can be a powerful tool in 
the context of AQUACROSS and case studies modelling and scenarios testing. 
ARIES is assisted by model integration technologies that allow assembling customised models 
from a growing model base. It currently integrates various techniques (Villa et al., 2014): 
1 Geographical Information Systems (GIS), to model the geographical knowledge system 
that allows to both locate human and natural elements of SES and analyse topological 
networks of relationships between ESS and their beneficiaries. 
2 Bayesian Belief Networks (BBN), to model the behavioural component of agents located in 
space. BBN are directed acyclic graphs that allow a concise causal representation of 
processes and influences. Nodes in a BBN correspond to random variables, whose 
potential values (outcomes) are defined by a probability distribution (McCann, Marcot, 
and Ellis, 2006). 
3 Social Network Analysis (SNA), to model the multi-level formal and informal social 
networks of relations among social agents, defining pathways for exchange of 
information and materials. SNA can, for instance, model the dynamics of cooperation and 
mutual aid that can play important roles in coping strategies, affecting the resilience of 
the system (Entwisle et al., 2008). 
4 System Dynamics (SD), to simulate a system temporal evolution by tracking values of 
aggregated variables and using process-driven "stock and flow" logics (Martínez-López 
et al., 2015). SD allows complex dynamic interdependencies to be captured, including 
non-linear feedbacks. 
5 Agent-Based Modelling (ABM), computationally intense and micro-detailed models where 
many heterogeneous agents interact at multiple temporal and spatial scales (Balbi and 
Giupponi, 2010). Models can be geographically referenced using data retrieved from a 
GIS environment, and can incorporate links among agents to take social structure into 
account (see SNA). ABM can ultimately serve as an integration platform for all the 
techniques described. 
The interdisciplinarity required for the study of ESS is best tackled using integrated modelling 
tools that are able to represent the wide variety of interactions that happen within SES, such 
as those based on behaviour, market prices, local versus global economy, etc. Moreover, in 
view of the ongoing climate change, there is certainly an urgent need to integrate the 
different elements that compose SES (processes, agents, events, etc.) in order to enhance 
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governance, understand indirect and nonlinear causal links, and be able to predict future 
scenarios. 
By means of integrated modelling tools, such as ARIES, ESS mapping can be studied in 
combination with other ecological and socio-economical interactions that might exert 
pressures on ecosystems, thus enabling EBM approaches. Value, in economic terms, is a 
marginal notion. The sorts of marginal values most common to economic analysis are those 
associated with unit changes of resources. On the contrary, most ESS assessment exercises 
focus on the value of a certain ecosystem per se. The avoided interpretation of value in many 
ESS assessments has made them scarcely credible from an economic point of view. The only 
way to reconcile economic value and ESS assessments is to consider marginal changes in 
ecosystems. This can be done in ARIES with simulated experiments where increasing portions 
of ecosystems are modified and the relative effect on ESS is measured. This is also a way to 
identify possible tipping points in ecosystem functioning for ESS and to include resilience. 
ARIES ESS models are computational representations of the environment that allow 
biophysical, ecological, and/or socio-economic characteristics to be quantified and explored. 
Furthermore, as models can explore scenarios, trade-offs that result from different scenarios 
can be assessed as well. ARIES has also considerable potential to evaluate both the ecosystem 
structure and function underlying ESS and the supply and demand for ESS themselves. 
Too often, models are standing monoliths developed for the purpose of one specific case 
study and are scarcely generalisable. Reusability and integration of data artefacts and models 
are becoming increasingly fundamental in interdisciplinary science. ARIES allows a flexible 
definition of the system boundaries (e.g., the context in terms of space and time) and of the 
main elements under analysis. Models, therefore, adapt to the selected context and produce 
context dependent results. Moreover, ARIES encompasses biophysical, ecological, and socio-
economic dimensions through dynamic processes of very different nature. 
ARIES models are built by the network of its users. Community driven knowledge is, 
therefore, promoted in order to increase model availability. Users are able to make their 
knowledge available across the ARIES network. In this regard, ARIES promotes community 
ownership rather than proprietary interests. Since ESS models can belong to different 
domains of expertise, it is important to enable approaches that capture the complexity of 
description necessary to the simulation of coupled human-natural systems, without 
burdening users. In this regard, ARIES focuses more on studying multiple interactions and 
scenarios, rather than on developing individual finer scale models with very precise outputs. 
The nature of the targeted end-users’ or developers’ communities is also a key issue that 
must be taken into account when considering starting using a new modelling tool. Ideal 
modelling tools are as general and flexible as possible to suit the needs of both advanced 
and less skilled modellers (Martínez-López et al., 2015). In this regard, ARIES represents an 
adequately documented software tool that can be useful for non-programmers, and that is 
flexible enough so that advanced users can fully understand the role of each component and 
adapt them to case-specific requirements. 
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7 Guidance and 
Recommendations 
The previous chapters discussed the different stages of the AQUACROSS AF that are related 
with the role of BD in maintaining functional ecosystems and warranting the provisioning of 
ESS. The aim was to provide a common understanding and highlight key points for the 
implementation of the AQUACROSS AF when assessing the supply side in the case studies, 
and eventual case scenarios beyond the project scope.  
In this section, the essential aspects for operationalising this guidance are illustrated in 
Figure 8, through a conceptual diagram. This scheme provides an overview of the supporting 
information compiled in this report, regarding both research findings and resources available 
for effective assessments at specific stages of the supply side of the AQUACROSS AF (Table 
8). The links to the socio-economic system are also considered in order to promote a fully 
integrated assessment. 
Figure 8: Conceptual guidance for assessing ecosystems’ integrity and ESS supply 
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The various types of resources compiled in this Deliverable 5.1 are linked to specific steps of 
the AF and are identified according to the nature of their content, namely: supporting 
classification schemes, potential indicators, suitable modelling approaches or evidences from 
meta-analyses (Figure 8).  
To facilitate the use of those resources in AQUACROSS case studies, Table 8 includes links to 
the sections and/or annexes of this deliverable where detailed information is provided. In 
addition, the main challenges (C) identified for the implementation of the AQUACROSS 
supply-side conceptual diagram are indicated. The information generated at this stage of the 
project is also relevant for other tasks and stages of the AF, therefore such tasks are also 
identified in Table 8.  
Finally, the AQUACROSS Project has selected eight case studies for testing the AQUACROSS 
AF in conjunction with stakeholders. Attending to the case studies main focus and objectives, 
some potentially relevant steps of the conceptual diagram and the respective available 
resources have been identified ( Table 9).  
). These links are not exhaustive and intend to be suggestions to illustrate the concept 
applicability; requiring confirmation in the next stages of the process. Overall, Deliverable 5.1 
implementation in the case studies will contribute to attain AQUACROSS goals regarding: 
 showcasing specific elements of the objectives of the EU 2020 Biodiversity Strategy 
relevant for the management of aquatic ecosystems; 
 understanding the most relevant challenges surrounding the protection of aquatic 
biodiversity; and 
 maximising the lessons learnt and up-scale of results. 
The eight case studies in AQUACROSS tackle a wide range of topics, which address the 
sustainability of nature resources’ exploitation for the provisioning of different types of ESS 
(e.g., CS1 and CS2); the management of sectoral conflicts through integrated management 
(e.g., CS3, CS5 and CS8); or pressures and environmental impacts in biodiversity, such as 
those caused by invasive alien species or eutrophication processes (e.g., CS4, CS6 and CS7).  
Although general biodiversity conservation concerns are core to all of them, the different 
case studies also take place within particular policy contexts and, therefore, target specific 
objectives set by the EU 2020 Biodiversity Strategy, by EU Directives and regulations (such as 
the Water Framework Directive, Habitat and Birds Directives, Common Fisheries Policy, and EU 
Invasive Alien Species Regulation), or conservation objectives for areas under special 
protection (such as Biosphere Reserves or Natura 2000 sites). In addition, for case studies 
operating in transboundary aquatic ecosystems (e.g., CS1, CS2 and CS3), the national-level 
environmental policies and goals need also to be harmonised and ultimately to converge. 
Often, these policies overlap spatially in the case studies’ area; their requirements may not 
(see for example the AQUACROSS Deliverable 2.2 by O’Higgins et al., 2016). 
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Table 8: Main case study challenges identified for the implementation of the supply-side of the AQUACROSS AF and their relevant 
project tasks   
Link in conceptual 
diagram Figure 8 
Main challenges (C) 
D5.1 
resource 
Relevance 
for tasks 
Classification schemes   
1 Ecosystem structural 
components (including 
abiotic features) 
C1 Identify the most relevant components of the ecosystem at different levels, from the sub-individual to 
the habitats, upon which Pressures may act, and which can be assessed and measured. These 
components are the physical units where Biodiversity and State changes are evaluated. 
C2 This classification targets one of the boundaries between the socio-economic and the ecological 
systems, thus it should enable linking them.  
Annex I 
Classification 
Tasks: 
4.2, 5.2, 6.3 
2 Biodiversity C3 Identify meaningful approaches for measuring Biodiversity attaining to AQUACROSS objective of 
unravelling Biodiversity role in supporting Ecosystem Functions and the provision of Ecosystem Services 
(BEF and BES causal relationships) across aquatic ecosystems. 
C4 This classification accounts for scale issues at different levels (e.g. at the ecosystem components, or 
at the spatial level) that enable identifying patterns at relevant scales. 
Annex I 
Classification 
Tasks: 
5.2, 5.3, 6.3 
3 Ecosystem status C5 Identify meaningful approaches for assessing changes in the state of the ecosystem caused by 
anthropogenic activities, which may alter the functioning of the ecosystems and compromise services 
provisioning, while taking on board assessment and requirements from EU policies in aquatic 
environments and biodiversity conservation. 
Annex I 
Classification 
Tasks: 
2.5, 4.2, 5.2, 
6.3 
4 Ecosystem Functions C6 Identify meaningful ecosystem functions in aquatic ecosystems, along with the ecological processes 
and the ecosystem components that sustain such functioning.  
C7 Functions should facilitate a link with some ESS. 
Annex I 
Classification 
Tasks: 
5.2, 6.3 
5 Ecosystem Services C8 Adopt a classification that encompasses both biological mediated ESS but that considers also the 
abiotic outputs of the ecosystem; following as possible EU widely agreed approaches (e.g. CICES/ EU 
MAES). 
Annex I 
Classification 
Tasks: 
5.2, 6.3 
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Link in conceptual 
diagram Figure 8 
Main challenges (C) 
D5.1 
resource 
Relevance 
for tasks 
Indicators  
  
6 Biodiversity 
7 Ecosystem status 
8 Ecosystem Functions 
9 Ecosystem Services 
Supply 
C9 Make use of assessment tools implemented by MS within the context of existing EU environmental 
policies in aquatic biodiversity conservation.  
C10 Select stage specific indicators in order to promote complementarity and information flow and avoid 
overlap between these assessment stages. 
C11 Distinguish clearly between indicators of ecosystem status, ecosystem functioning and ESS supply, to 
avoid double reporting and overlap of information. 
Annex I 
Indicators, 
indices & 
metrics 
Tasks: 
2.5, 4.2, 5.2, 
6.3, 8.1 
10 Ecosystem Services 
Demand 
C12 Distinguish clearly between indicators of ESS supply and the demand for ESS. 
C13 Select indicators that establish a clear link with the socio-economic system. 
Annex I 
Indicators, 
indices & 
metrics 
Tasks: 
3.3, 4.2, 5.2, 
6.3, 8.1 
11 Selection of 
indicators 
C14 Overall, selection of indicators should follow minimum quality criteria to reduce uncertainty in the 
assessments along the different stages of the ecological system, and ultimately contribute to the 
robustness of the AQUACROSS AF outputs. 
C15 Prioritise the selection of indicators that can be integrated into modelling approaches. 
C16 Ensure that the selection of indicator meets stakeholders perception and expectations. 
Chapter 5, in 
particular 
Section 5.1.1 
Criteria for 
selecting 
indicators 
Tasks: 
1.1, 3.3, 4.2, 
5.2, 8.1 
Modelling  
  
12 BEF causal 
relationships 
13 BES causal 
relationships 
14 EF-ESS causal 
relationships 
For predicting outcomes of the interactions between the socio-ecological systems, the modelling 
approaches should account for: 
C17 Multi-species/habitats complex interactions; 
C18 The role of environmental factors (e.g. abiotic variables; anthropogenic pressures); 
C19 Synergies between ESS; 
C20 Trade-offs between ESS; 
C21 Spatial and/or temporal heterogeneity in the environmental domain (see C17) but also in the 
Chapters 2,3 
BEF & BES 
relationships 
Chapter 4  
Meta-analyses 
Chapter 6 
Modelling 
Tasks: 
5.2, 5.3, 7.2, 
7.4 
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Link in conceptual 
diagram Figure 8 
Main challenges (C) 
D5.1 
resource 
Relevance 
for tasks 
exploitation of the natural resources by the socio-economic activities. 
20 Integrative 
modelling approaches 
C22 Provide that the AQUACROSS case studies’ specific models contribute for identifying overall BEF and 
BES patterns across aquatic ecosystems. 
C23 Gather sufficient data from different stages of the AQUACROSS AF to allow an integrative modelling 
approach in each case study. 
Chapter 4  
Meta-analyses 
Chapter 6 
Modelling 
Tasks: 
5.2, 5.3, 7.2, 
7.4 
Meta-analyses  
  
Flows from P to BD and 
EF; or from BD to EF or 
to ESS; and from BD or 
ESS to Benefits (15, 16, 
17, 18, 19). 
C24 Test if the hypothesis and evidences found in BEF and BES overall research are transferable into 
aquatic domains. 
C25 Provide that the chosen analysis has relevance both for stakeholders and Policy.  
Chapters 2,3 
BEF & BES 
relationships 
Annex II  
Compilation 
meta-analyses 
Tasks: 
1.1, 2.5, 5.2, 
7.2, 7.4, 8.1 
Legend: challenges (C), pressures (P), biodiversity (BD), ecosystem functions (EF), ecosystem services (ESS), biodiversity-ecosystem functions (BEF), 
biodiversity-ecosystem services (BES), assessment framework (AF). This table provides an overview of case study challenges (see conceptual 
diagram of Figure 8) and different type of resources available in this Deliverable 5.1 for addressing those challenges. Tasks, in the AQUACROSS 
Project, for which information generated is relevant are also identified. 
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In practice, these heterogeneous scenarios are expected to lead to different type of 
assessments and approaches which are ideal for testing the robustness of the AQUACROSS 
AF concept. Focusing specifically in the AF supply-side, it is thus anticipated that a wide 
variety of BD components is assessed, focusing on diverse structure and/or functional 
features, and performed at different scales by each of the case studies. Similarly, the 
selection of EFs (and associated ecological processes) and of ESS to be investigated will differ 
in function of local or regional objectives and constraints, such as relevant pressures or 
societal demands. Hence, the causal links analysed in a particular case study may cover all 
the supply-side or focus either towards upstream (with drivers and pressures) or downstream 
(ESS demand and benefits) in the causal chain (Figure 8 and Table 9).  
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Table 9: Potential application of steps of the supply-side assessment in AQUACROSS 
case studies 
 
Legend: The case studies (CS) represent different aquatic domains from freshwaters (blue) to 
saline environments (dark blue), and also ecosystems at the land-water interface (yellow), 
with some CS covering several ecosystem types. Source for case studies details: 
www.aquacross.eu/  
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9 Annexes 
There are two annexes to this Deliverable 5.1: 
 Annex I contains the classifications, and indicator lists and sources proposed for the different 
steps of the supply side of the AF presented in Chapter 5: Biodiversity (BD), Ecosystem 
Function (EF), and Ecosystem Services (ESS). Annex I is provided as a side document to this 
report in excel format. 
 Annex II contains a compilation of literature applying meta-analysis on BD-EF-ESS relevant 
topics, as introduced in Chapter 4. Annex II is included in the present report as Table A I.1. 
9.1 Annex I 
The detailed classifications for Biodiversity (BD), Ecosystem Function (EF), and Ecosystem Services 
(ESS), presented in Chapter 5, are fully provided in Annex I excel file: 
D51_INDICATORS_BD_EF_ESS_vs1.xlsx. This file contains several supporting tables specificying the 
classifications for BD, EF and ESS and providing links to additional sources of information useful 
for operationalising the use of these broad classifications across the different aquatic realms: from 
lakes, to rivers, including wetlands in fresh and saline environements, to marine inlets and 
transitional waters, and extending to coastal, shelf and oceanic waters. The objective was to, as 
much as possible, adopt existing and broadly used classifications across these different aquatic 
domains, and integrate them into a harmonised broader classification within AQUACROSS. This 
aims at promoting a better integration of the results obtained from the application of the AF 
concepts in AQUACROSS eight case studies. 
Besides detailing each of the classifications, the supporting tables include also associated lists of 
potential indicators, indices and metrics and/or links to additional sources of indicators, which can 
be used to assess BD, EF and ESS supply and demand.  
The tables are organized in order to allow their immediate use by the case studies, for selecting, 
adding and organizing their set of indicators across the steps of the AQUACROSS AF described in 
this Deliverable. The classifications proposed attempt also to provide links to other stages of the 
socio-ecological system as described in the AF (Chapter 5), namely upstream to the Drivers-
Pressures-State, and downstream to the Benefits and Values. 
This annex is a working document ,  which may suffer further adaptations after 
the case studies workshop (in the fol lowing months) ,  which wil l  test the 
appl icabi l i ty  of the proposed classif ications by  using real  scenarios (as part  of 
Task 5.2).  Therefore,  indicators l ists included have not yet been assigned 
under the classif ications proposed. This wi l l  be part  of the subsequent tasks.  
Below we present the structure of the excel file and explain how it can be used to support the 
practical implementation of some of the concepts discussed in the present deliverable. 
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The excel file contains 11 spreadsheets with several supporting tables, most of them present only 
information for consultation (guidance spreasheets), others allow selection and/or reporting of 
indicators, indices and metrics (reporting spreadsheets): 
 1 BD-EF-ESS classification – (guidance) contains Table S1, which provides an overview of the 
classification proposed for the different steps of the supply side of the AF considered in WP5: 
Biodiversity (BD), Ecosystem Function (EF), and Ecosystem Services (ESS), the later accounting 
both for the supply and demand of ecosystem services. For details regarding each of the 
stages (i.e. BD, EF and ESS) and application in specific aquatic realms the other spreadsheets 
must be consulted. 
 2aBiodiversity(BD) – (guidance) contains Table S2.1 BD, which details the classification proposed 
for Biodiversity (BD) (corresponding partially to the State of the ecosystem also relevant for 
WP4; see Deliverable 4.1). At the Class level, this table refers to existing classifications in use 
accross different aquatic realms in freshwater (FW), transitional (TW) coastal (CW) and marine 
(MW) waters. This classification should be used to assign BD related indicators, applied within 
the case studies, to higher levels in a standardized way across Project partners. 
 2bBD Class auxiliar tables – (guidance) contains two tables: 
o  Table S2.2 BD. Sources and links to details of classifications (mentioned at Class 
level) available for the different biodiversity components, previously identified at 
Group level in Table S2.1 BD (both for Biological elements and Habitats). The 
detailed classifications apply to different aquatic realms relevant for AQUACROSS; 
o  Table S2.3 BD. Auxiliar table to S2.2BD, with detailed classifications for I. Biological 
elements and II. Habitats, covering different aquatic realms relevant for 
AQUACROSS. 
 2cBD Sources – (guidance) contains Table S2.4 BD, which provides links to sources of indicators 
(e.g. databases; reviews; reports; initiatives), with indication of the aquatic ecosystems for 
which the sources provide indicators. 
 2dBD Lists - (reporting) contains Table S2.5 BD, which lists indicators, indices and metrics 
(although non-exhaustively) available for Biodiversity and Ecosystem State assessment. This 
table allows: 
o  selecting indicators for use in specific case studies, as well as,  
o  entering new indicators (not listed) selected by the Project partners. for AQUACROSS 
case studies. 
 3aEcosystemFunctions(EF) - (guidance) contains Table S3.1 EF, which details the classification 
proposed for Ecosystem Function (EF), identifying most relevant ecological processes and 
functions in aquatic ecosystems, and grouping the latter into major categories. 
 3bEF list & sources - (guidance/reporting) contains Table S3.2 EF, which provides examples of 
indicators, indices and associated metrics (and links to sources) potentially useful for 
measuring Ecosystem Function (EF) in AQUACROSS. 
 3cEF case study - (reporting) contains Table S3.3 EF., for entering new indicators (and indices 
and associated metrics) for Ecosystem Function, selected for a specific AQUACROSS case 
study. 
 4aEcosystemServices(ESS) - (guidance/reporting) contains Table S4.1 ESS, which details the 
classification proposed for Ecosystem Services (ESS), following CICES & MAES and including 
Abiotic Services (see section 5.1.4); distinguishing if possible between ESS supply and ESS 
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demand indicators. This table allows already to report indicators selected for AQUACROSS case 
studies, assigning them to the proposed classification. 
 4bESS sources I - (guidance) contains Table S4.2 ESS, which provides sources and lists 
indicators, indices and associated metrics potentially useful for measuring Ecosystem Services 
(ESS) in AQUACROSS. 
 4cESS sources II - (guidance) contains two tables Table S4.3 ESS and Table S4.4 ESS, which 
provide lists of ESS indicators specific for marine and fresh water ecosytems, respectively, 
from MAES. 
 
SEE ATTACHED EXCEL FILE:  
“D51_INDICATORS_BD_EF_ESS_vs1” 
 
9.2 Annex II 
A literature review on meta-analyses (Table AII.1) associated with data from the aquatic 
environment in the bibliographic databases JStore, PubMed, Scopus and Web of knowledge using a 
search key defined as (META-ANALYSIS AND (BIODIVERSITY OR “ECOSYSTEM FUNCTIONS” OR 
“ECOSYSTEM SERVICES”) AND AQUATIC). This held 294 unique results that were narrowed down to 
108 relevant papers dealing with meta-analyses linked with the aquatic environment. Selected 
meta-analyses were arranged per theme and year. Themes were extracted from a causal chain 
linking pressures (P) to biodiversity (BD), ecosystem functions (EF), ecosystem services (ESS) and 
benefits: 
 P-BD:     From pressures to biodiversity 
 P-EF:       From pressures to ecosystem functions 
 BD:        Biodiversity 
 BEF:       From biodiversity to ecosystem functions 
 BES:       From biodiversity to ecosystem services 
 BD-Benefit:  From biodiversity to benefits 
 ESS-Benefit: From ecosystem services to benefit 
 scale:      Assessment of different scales on elements of the causal chain above 
This list of selected meta-analysis is aimed at supporting case-study needs when dealing with 
specific elements of the causal chain, by providing information about the likely relationships being 
considered. 
 99  Annex II 
Table AII.1. Literature review on meta-analysis supporting the establishment 
relationshsips along the causal chain linking Pressures to Benefits in aquatic ecosystems. 
Theme Year Reference 
 
P - BD 
2016 Yang, W., Sun, T., & Yang, Z. (2016). Does the implementation of environmental 
flows improve wetland ecosystem services and biodiversity? A literature review. 
Restoration Ecology, 24(6), 731–742. http://doi.org/10.1111/rec.12435 
2016 Carlson, P. E., McKie, B. G., Sandin, L., & Johnson, R. K. (2016). Strong land-use 
effects on the dispersal patterns of adult stream insects: implications for transfers 
of aquatic subsidies to terrestrial consumers. Freshwater Biology, 61(6), 848–861. 
http://doi.org/10.1111/fwb.12745 
2016 Tonkin, J. D., Stoll, S., Jähnig, S. C., & Haase, P. (2016). Anthropogenic land-use 
stress alters community concordance at the river-riparian interface. Ecological 
Indicators, 65, 133–141. http://doi.org/10.1016/j.ecolind.2015.08.037 
2016 Jackson, M. C., Loewen, C. J. G., Vinebrooke, R. D., & Chimimba, C. T. (2016). Net 
effects of multiple stressors in freshwater ecosystems: a meta-analysis. Global 
Change Biology, 22(1), 180–189. http://doi.org/10.1111/gcb.13028 
2015 Baumgartner, S. D., & Robinson, C. T. (2015). Land-use legacy and the differential 
response of stream macroinvertebrates to multiple stressors studied using 
in situexperimental mesocosms. Freshwater Biology, 60(8), 1622–1634. 
http://doi.org/10.1111/fwb.12594 
2015 Garssen, A. G., Baattrup-Pedersen, A., Voesenek, L. A. C. J., Verhoeven, J. T. A., & 
Soons, M. B. (2015). Riparian plant community responses to increased flooding: a 
meta-analysis. Global Change Biology, 21(8), 2881–2890. 
http://doi.org/10.1111/gcb.12921 
2015 Janse, J. H., Kuiper, J. J., Weijters, M. J., Westerbeek, E. P., Jeuken, M. H. J. L., 
Bakkenes, M., et al. (2015). GLOBIO-Aquatic, a global model of human impact on 
the biodiversity of inland aquatic ecosystems. Environmental Science and Policy, 48, 
99–114. http://doi.org/10.1016/j.envsci.2014.12.007 
2015 Mackintosh, T. J., Davis, J. A., & Thompson, R. M. (2015). The influence of 
urbanisation on macroinvertebrate biodiversity in constructed stormwater 
wetlands. Science of the Total Environment, 536, 527–537. 
http://doi.org/10.1016/j.scitotenv.2015.07.066 
2015 Tolkkinen, M., Mykrä, H., Annala, M., Markkola, A. M., Vuori, K. M., & Muotka, T. 
(2015). Multi-stressor impacts on fungal diversity and ecosystem functions in 
streams: natural vs. anthropogenic stress. Ecology, 96(3), 672–683. 
http://doi.org/10.6084/m9.figshare.c.3307500.v1 
2014 Kuiper, J. J., Janse, J. H., Teurlincx, S., Verhoeven, J. T. A., & Alkemade, R. (2014). 
The impact of river regulation on the biodiversity intactness of floodplain wetlands. 
Wetlands Ecology and Management, 22(6), 647–658. 
http://doi.org/10.1007/s11273-014-9360-8 
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Theme Year Reference 
2014 Mantyka-Pringle, C. S., Martin, T. G., Moffatt, D. B., Linke, S., & Rhodes, J. R. (2014). 
Understanding and predicting the combined effects of climate change and land-use 
change on freshwater macroinvertebrates and fish. Journal of Applied Ecology, 
51(3), 572–581. http://doi.org/10.1111/1365-2664.12236 
2014 Meli, P., Rey Benayas, J. M., Balvanera, P., & Martínez Ramos, M. (2014). 
Restoration enhances wetland biodiversity and ecosystem service supply, but 
results are context-dependent: a meta-analysis. PLoS ONE, 9(4), e93507. 
http://doi.org/10.1371/journal.pone.0093507 
2014 Yoshioka, A., Miyazaki, Y., Sekizaki, Y., Suda, S.-I., Kadoya, T., & Washitani, I. (2014). 
A “lost biodiversity” approach to revealing major anthropogenic threats to regional 
freshwater ecosystems. Ecological Indicators, 36, 348–355. 
http://doi.org/10.1016/j.ecolind.2013.08.008 
2014 Murphy, G. E. P., & Romanuk, T. N. (2014). A meta-analysis of declines in local 
species richness from human disturbances. Ecology and Evolution, 4(1), 91–103. 
http://doi.org/10.1002/ece3.909 
2013 Comte, L., Buisson, L., Daufresne, M., & Grenouillet, G. (2013). Climate-induced 
changes in the distribution of freshwater fish: observed and predicted trends. 
Freshwater Biology, 58(4), 625–639. http://doi.org/10.1111/fwb.12081 
2012 Mantyka-Pringle, C. S., Martin, T. G., & Rhodes, J. R. (2012). Interactions between 
climate and habitat loss effects on biodiversity: a systematic review and meta-
analysis. Global Change Biology, 18(4), 1239–1252. http://doi.org/10.1111/j.1365-
2486.2011.02593.x 
2012 Murphy, G. E. P., & Romanuk, T. N. (2012). A Meta-Analysis of Community 
Response Predictability to Anthropogenic Disturbances. The American Naturalist, 
180(3), 316–327. http://doi.org/10.1086/666986 
2012 Szivák, I., & Csabai, Z. (2012). Are there any differences between taxa groups having 
distinct ecological traits based on their responses to environmental factors? Aquatic 
Insects, 34(sup1), 173–187. http://doi.org/10.1080/01650424.2012.643052 
2012 Webb, J. A., Wallis, E. M., & Stewardson, M. J. (2012). A systematic review of 
published evidence linking wetland plants to water regime components. Aquatic 
Botany, 103, 1–14. http://doi.org/10.1016/j.aquabot.2012.06.003 
2010 Floeder, S., Jaschinski, S., Wells, G., & Burns, C. W. (2010). Dominance and 
compensatory growth in phytoplankton communities under salinity stress. Journal 
of Experimental Marine Biology and Ecology, 395(1-2), 223–231. 
http://doi.org/10.1016/j.jembe.2010.09.006 
2010 Miller, S. W., Budy, P., & Schmidt, J. C. (2010). Quantifying Macroinvertebrate 
Responses to In-Stream Habitat Restoration: Applications of Meta-Analysis to River 
Restoration. Restoration Ecology, 18(1), 8–19. http://doi.org/10.1111/j.1526-
100X.2009.00605.x 
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Theme Year Reference 
2009 McKie, B. G., Schindler, M., Gessner, M. O., & Malmqvist, B. (2009). Placing 
biodiversity and ecosystem functioning in context: environmental perturbations 
and the effects of species richness in a stream field experiment. Oecologia, 160(4), 
757–770. http://doi.org/10.1007/s00442-009-1336-7 
2009 Heino, J., Virkkala, R., & Toivonen, H. (2009). Climate change and freshwater 
biodiversity: detected patterns, future trends and adaptations in northern regions. 
Biological Reviews, 84(1), 39–54. http://doi.org/10.1111/j.1469-185X.2008.00060.x 
2009 Johnston, E. L., & Roberts, D. A. (2009). Contaminants reduce the richness and 
evenness of marine communities: A review and meta-analysis. Environmental 
Pollution, 157(6), 1745–1752. http://doi.org/10.1016/j.envpol.2009.02.017 
2009 Poff, N. L. (2009). Managing for Variability to Sustain Freshwater Ecosystems. 
Journal of Water Resources Planning and Management, 135(1), 1–4. 
http://doi.org/10.1061/(ASCE)0733-9496(2009)135:1(1) 
2008 Haxton, T. J., & Findlay, C. S. (2008). Meta-analysis of the impacts of water 
management on aquatic communities. Canadian Journal of Fisheries and Aquatic 
Sciences, 65(3), 437–447. http://doi.org/10.1139/f07-175 
2008 Petrin, Z., Englund, G., & Malmqvist, B. (2008). Contrasting effects of anthropogenic 
and natural acidity in streams: a meta-analysis. Proceedings of the Royal Society B-
Biological Sciences, 275(1639), 1143–1148. http://doi.org/10.1098/rspb.2008.0023 
2007 Pusceddu, A., Gambi, C., Manini, E., & Danovaro, R. (2007). Trophic state, 
ecosystem efficiency and biodiversity of transitional aquatic ecosystems: analysis of 
environmental quality based on different benthic indicators. Chemistry and 
Ecology, 23(6), 505–515. http://doi.org/10.1080/02757540701760494 
2005 Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-I., Knowler, D. J., 
Lévêque, C., Naiman, R. J., Prieur-Richard, A.-H., Soto, D., Stiassny, M. L. J., & 
Sullivan, C. A. (2005). Freshwater biodiversity: importance, threats, status and 
conservation challenges. Biological Reviews, 81(02), 163–182. 
http://doi.org/10.1017/S1464793105006950 
P - EF 2016 Ferreira, V., Koricheva, J., Duarte, S., Niyogi, D. K., & Guérold, F. (2016). Effects of 
anthropogenic heavy metal contamination on litter decomposition in streams – A 
meta-analysis. Environmental Pollution, 210, 261–270. 
http://doi.org/10.1016/j.envpol.2015.12.060 
2015 Tolkkinen, M., Mykrä, H., Annala, M., Markkola, A. M., Vuori, K. M., & Muotka, T. 
(2015). Multi-stressor impacts on fungal diversity and ecosystem functions in 
streams: natural vs. anthropogenic stress. Ecology, 96(3), 672–683. 
http://doi.org/10.6084/m9.figshare.c.3307500.v1 
2012 Holland, A., Duivenvoorden, L. J., & Kinnear, S. H. W. (2012). Naturally acidic 
waterways: conceptual food webs for better management and understanding of 
ecological functioning. Aquatic Conservation: Marine and Freshwater Ecosystems, 
22(6), 836–847. http://doi.org/10.1002/aqc.2267 
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Theme Year Reference 
2010 Downing, A. L., & Leibold, M. A. (2010). Species richness facilitates ecosystem 
resilience in aquatic food webs. Freshwater Biology, 55(10), 2123–2137. 
http://doi.org/10.1111/j.1365-2427.2010.02472.x 
2009 McKie, B. G., Schindler, M., Gessner, M. O., & Malmqvist, B. (2009). Placing 
biodiversity and ecosystem functioning in context: environmental perturbations 
and the effects of species richness in a stream field experiment. Oecologia, 160(4), 
757–770. http://doi.org/10.1007/s00442-009-1336-7 
BD 2015 Massicotte, P., Proulx, R., Cabana, G., & Rodríguez, M. A. (2015). Testing the 
influence of environmental heterogeneity on fish species richness in two 
biogeographic provinces. PeerJ, 3(2), e760. http://doi.org/10.7717/peerj.760 
2013 Cao, M. (2013). Approaches to assessment of global biodiversity and advancements 
in their researches. Journal of Ecology and Rural Environment, 29(1), 8–16. 
2013 Chmara, R., Szmeja, J., & thébaut, E. (2013). Patterns of abundance and co-
occurrence in aquatic plant communities. Ecological Research, 28(3), 387–395. 
http://doi.org/10.1007/s11284-013-1028-y 
2013 Göthe, E., FRIBERG, N., Kahlert, M., Temnerud, J., & Sandin, L. (2013). Headwater 
biodiversity among different levels of stream habitat hierarchy. Biodiversity and 
Conservation, 23(1), 63–80. http://doi.org/10.1007/s10531-013-0584-3 
2012 Soininen, J., Passy, S., & Hillebrand, H. (2012). The relationship between species 
richness and evenness: a meta-analysis of studies across aquatic ecosystems. 
Oecologia, 169(3), 803–809. http://doi.org/10.1007/s00442-011-2236-1 
2011 Hassall, C., Hollinshead, J., & Hull, A. (2011). Environmental correlates of plant and 
invertebrate species richness in ponds. Biodiversity and Conservation, 20(13), 
3189–3222. http://doi.org/10.1007/s10531-011-0142-9 
2008 Muneepeerakul, R., Bertuzzo, E., Rinaldo, A., & Rodriguez-Iturbe, I. (2008). Patterns 
of vegetation biodiversity: The roles of dispersal directionality and river network 
structure. Journal of Theoretical Biology, 252(2), 221–229. 
http://doi.org/10.1016/j.jtbi.2008.02.001 
2007 Cogan, C. (2007). Marine classification, mapping, and biodiversity analysis. In 
Special Paper - Geological Association of Canada (pp. 129–139). 
BEF 2016 Dalzochio, M. S., Baldin, R., Stenert, C., & Maltchik, L. (2016). How does the 
management of rice in natural ponds alter aquatic insect community functional 
structure? Marine and Freshwater Research, 67(11), 1644–1654. 
http://doi.org/10.1071/MF14246 
2016 Harvey, E., Gounand, I., Ward, C. L., & Altermatt, F. (2016). Bridging ecology and 
conservation: from ecological networks to ecosystem function. Journal of Applied 
Ecology. http://doi.org/10.1111/1365-2664.12769 
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Theme Year Reference 
2016 Lewandowska, A. M., Biermann, A., Borer, E. T., Cebrián-Piqueras, M. A., Declerck, 
S. A. J., De Meester, L., et al. (2016). The influence of balanced and imbalanced 
resource supply on biodiversity-functioning relationship across ecosystems. 
Philosophical Transactions of the Royal Society of London. Series B, Biological 
Sciences, 371(1694), 20150283. http://doi.org/10.1098/rstb.2015.0283 
2016 Rakowski, C., & Cardinale, B. J. (2016). Herbivores control effects of algal species 
richness on community biomass and stability in a laboratory microcosm 
experiment. Oikos, 125(11), 1627–1635. http://doi.org/10.1111/oik.03105 
2016 Ballari, S. A., Kuebbing, S. E., & Nunez, M. A. (2016). Potential problems of removing 
one invasive species at a time: a meta-analysis of the interactions between invasive 
vertebrates and unexpected effects of removal programs. PeerJ, 4(2). 
http://doi.org/10.7717/peerj.2029 
2015 Behl, S., & Stibor, H. (2015). Prey diversity and prey identity affect herbivore 
performance on different time scales in a long term aquatic food-web experiment. 
Oikos, 124(9), 1192–1202. http://doi.org/10.1111/oik.01463 
2015 Lefcheck, J. S., Byrnes, J. E. K., Isbell, F., Gamfeldt, L., Griffin, J. N., Eisenhauer, N., et 
al. (2015). Biodiversity enhances ecosystem multifunctionality across trophic levels 
and habitats. Nature Communications, 6, 6936. 
http://doi.org/10.1038/ncomms7936 
2015 Tornroos, A., Bonsdorff, E., Bremner, J., Blomqvist, M., Josefson, A. B., Garcia, C., & 
Warzocha, J. (2015). Marine benthic ecological functioning over decreasing 
taxonomic richness. Journal of Sea Research, 98, 49–56. 
http://doi.org/10.1016/j.seares.2014.04.010 
2013 Velghe, K., & Gregory-Eaves, I. (2013). Body Size Is a Significant Predictor of 
Congruency in Species Richness Patterns: A Meta-Analysis of Aquatic Studies. PLoS 
ONE, 8(2). http://doi.org/10.1371/journal.pone.0057019 
2013 Cardinale, B. J., Gross, K., Fritschie, K., Flombaum, P., Fox, J. W., Rixen, C., et al. 
(2013). Biodiversity simultaneously enhances the production and stability of 
community biomass, but the effects are independent. Ecology, 94(8), 1697–1707. 
http://doi.org/10.1890/12-1334.1 
2013 Harvey, E., Séguin, A., Nozais, C., Archambault, P., & Gravel, D. (2013). Identity 
effects dominate the impacts of multiple species extinctions on the functioning of 
complex food webs. Ecology, 94(1), 169–179. http://doi.org/10.1890/12-0414.1 
2013 Lanari, M. de O., & Coutinho, R. (2013). Reciprocal causality between marine 
macroalgal diversity and productivity in an upwelling area. Oikos, 123(5), 630–640. 
http://doi.org/10.1111/j.1600-0706.2013.00952.x 
2013 Simões, N. R., Colares, M. A. M., Lansac-Tôha, F. A., & Bonecker, C. C. (2013). 
Zooplankton species richness-productivity relationship: Confronting monotonic 
positive and hump-shaped models from a local perspective. Austral Ecology, 38(8), 
952–958. http://doi.org/10.1111/aec.12038 
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2012 Allen, D. (2012). Bottom-up biodiversity effects increase resource subsidy flux 
between ecosystems. Ecology, 93(10), 2165–2174. http://dx.doi.org/10.1890/11-
1541.1 
2012 Narwani, A., & Mazumder, A. (2012). Bottom-up effects of species diversity on the 
functioning and stability of food webs. Journal of Animal Ecology, 81(3), 701–713. 
http://doi.org/10.1111/j.1365-2656.2011.01949.x 
2012 Poore, A. G. B., Campbell, A. H., Coleman, R. A., Edgar, G. J., Jormalainen, V., 
Reynolds, P. L., et al. (2012). Global patterns in the impact of marine herbivores on 
benthic primary producers. Ecology Letters, 15(8), 912–922. 
http://doi.org/10.1111/j.1461-0248.2012.01804.x 
2012 Tornroos, A., & Bonsdorff, E. (2012). Developing the multitrait concept for 
functional diversity: lessons from a system rich in functions but poor in species. 
Ecological Applications, 22(8), 2221–2236. 
2010 Carey, M. P., & Wahl, D. H. (2010). Fish diversity as a determinant of ecosystem 
properties across multiple trophic levels. Oikos, 120(1), 84–94. 
http://doi.org/10.1111/j.1600-0706.2010.18352.x 
2010 Gessner, M. O., Swan, C. M., Dang, C. K., McKie, B. G., Bardgett, R. D., Wall, D. H., & 
Hättenschwiler, S. (2010). Diversity meets decomposition. Trends in Ecology and 
Evolution, 25(6), 372–380. http://doi.org/10.1016/j.tree.2010.01.010 
2010 Narwani, A., & Mazumder, A. (2010). Community composition and consumer 
identity determine the effect of resource species diversity on rates of consumption. 
Ecology, 91(12), 3441–3447. http://doi.org/10.1890/10-0850.1 
2010 Peter, H., Beier, S., Bertilsson, S., Lindström, E. S., Langenheder, S., & Tranvik, L. J. 
(2010). Function-specific response to depletion of microbial diversity. The ISME 
Journal, 5(2), 351–361. http://doi.org/10.1038/ismej.2010.119 
2010 Hengst, A., Melton, J., & Murray, L. (2010). Estuarine Restoration of Submersed 
Aquatic Vegetation: The Nursery Bed Effect. Restoration Ecology, 18(4), 605–614. 
http://doi.org/10.1111/j.1526-100X.2010.00700.x 
2009 Poorter, H., Niinemets, U., Poorter, L., Wright, I. J., & Villar, R. (2009). Causes and 
consequences of variation in leaf mass per area (LMA): a meta-analysis. The New 
Phytologist, 182(3), 565–588. 
2009 Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., Voigt, W., Fischer, M., et 
al. (2010). Bottom-up effects of plant diversity on multitrophic interactions in a 
biodiversity experiment. Nature, 468(7323), 553–556. 
http://doi.org/10.1038/nature09492 
2009 Schmid, B., Balvanera, P., Cardinale, B. J., Godbold, J., Pfisterer, A. B., Raffaelli, D., et 
al. (2009). Consequences of species loss for ecosystem functioning: meta-analyses 
of data from biodiversity experiments. In Biodiversity, Ecosystem Functioning, and 
Human Wellbeing (pp. 14–29). Oxford University Press. 
http://doi.org/10.1093/acprof:oso/9780199547951.003.0002 
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2009 Caliman, A., Pires, A. F., Esteves, F. A., Bozelli, R. L., & Farjalla, V. F. (2009). The 
prominence of and biases in biodiversity and ecosystem functioning research. 
Biodiversity and Conservation, 19(3), 651–664. http://doi.org/10.1007/s10531-009-
9725-0 
2009 FRIBERG, N., DYBKJAER, J. B., OLAFSSON, J. S., GISLASON, G. M., LARSEN, S. E., & 
LAURIDSEN, T. L. (2009). Relationships between structure and function in streams 
contrasting in temperature. Freshwater Biology, 54(10), 2051–2068. 
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